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ABSTRACT 
 
 Cu is an important trace element in living systems, including animals. It is a part 
of many enzymes responsible for different processes occurring in the body. However, 
antagonists can severely decrease the amount of Cu available to the animal, which 
results in numerous health issues caused by Cu deficiency. The main antagonists of the 
Cu are thiomolybdates whose effect is especially harsh in ruminants due to their high 
potential to synthesize these compounds. Thiomolybdates (the ions MoOxS4-x
2-
 ,where x 
= 0-3) are formed in the rumen from molybdate and sulfide (from degradation of 
sulfate), both of which come from the food and water ingested by the animal.   
 
 The first part of the project described in this thesis was to develop reproducible 
preparative methods of CuTM samples in solution and solids, under conditions as 
biologically relevant as possible. This crucial information is missing in the literature 
related to Cu deficiency. The second part studied the structure of the adduct formed 
between Cu and two of the thiomolybdates: tetrathiomolybdate, TM4 and 
trithiomolybdate, TM3, as these are the most important in Cu deficiency.  
 
 In solution, the appropriate solution medium and the concentration of reactants 
were chosen to study the stoichiometry of Cu:TM in solution before precipitation 
occurs. 
 
 Conditions for preparation of solid CuTM adducts were chosen to obtain the 
amount of solid necessary for further studies and to eliminate the formation of unwanted 
side-products. In the solid phase, the stoichiometry of Cu:TM was investigated by 
elemental analysis. 
 
 EPR spectroscopy of solid CuTM samples revealed the presence of diamagnetic 
species which were partially identified.  
 iii 
 
 EXAFS studies were performed on both the Mo and Cu K edges. Spectra 
defined the oxidation states of both main metal atoms, Cu and Mo. Fitting of the 
measured EXAFS spectra of solid CuTM samples prepared at three different Cu:TM 
ratios determined the interatomic distances involved in these compounds. This data was 
used to determine the structure of the CuTM units which polymerize to form the final 
product. IR spectroscopy was also used to confirm the presence of some of the groups 
in these adducts. 
 
 All the results from the various spectroscopic techniques were then combined to 
proposed a complete reaction scheme for the two-step formation of the CuTM4 and 
CuTM3 adduct species. 
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1. INTRODUCTION 
 
1.1. Copper 
 
1.1.1. Chemistry of Copper  
 
 Copper (Cu) is the 29
th
 element in the Periodic Table, belonging to the first 
transition metals group. It has an average atomic mass of 63.546. The ground state 
configuration of copper is 1s
2
 2s
2
 2p
6 
3s
2
 3p
6
 4s
1
 3d
10
 or [Ar] 3d
10 
4s
1
. Copper can be 
found mostly as Cu(I) and Cu(II) and less commonly as Cu(III): a few compounds 
containing Cu(IV) have also been observed. 
 
 Cu(I) compounds are mostly colorless, but color (usually red or orange) has also 
been observed resulting either from anion or charge-transfer bands. The coordination 
number of Cu(I) compounds can vary from two to five, and therefore various 
geometries are possible (Table 1.1). The most common geometry for Cu(I) is 
tetrahedral. 
 
 Cu(I) is classified as a soft acid in hard-soft acid-base theory. Therefore it 
readily reacts with soft bases such as the sulfide ion. Cu-S chemistry includes a large 
number of compounds. These can be in tetrahedral, octahedral or cubic geometries, and 
can form large cluster molecules
1
. 
 2 
 
 Coordination number Stereochemistry Compounds 
2 Linear [CuCl2]
-
, Cu2O 
3 Trigonal planar [Cu(CN)3]
2-
 
4 Tetrahedral [Cu(py)4]
+
, CuI 
4 Distorted planar CuL
a
 
5 sp [CuLCO]
a
 
Table 1.1 Examples of stereochemistries for d
10
 (Cu
I
) compounds
1
. (
a
L = a macrocyclic 
N4 anionic ligand) 
 
 Cu(I) compounds are highly unstable towards water due to their greater lattice 
and solvation energies and higher formation constants for complexes of the Cu(II) ion, 
so that ionic Cu(I) derivatives are unstable.
2
 Cu(I) compounds are usually readily 
oxidized to Cu(II) which is very stable. The relative stabilities of Cu (I) and Cu(II) 
states in normal aqueous solution can be indicated by their redox potentials: 
Cu
+ 
+ e = Cu                    E
0
 = 0.52 V        1.1 
Cu
2+
 + e = Cu
+
                  E
0 
= 0.153 V        1.2 
 
The relative stabilities of Cu(I) and Cu(II) in aqueous solution depend very 
strongly on the nature of anions or other ligands present and vary considerably with 
solvent or the nature of neighboring atoms in a crystal.
1
 
 
Cu(II) compounds can also have various coordination numbers and geometries 
(Table 1.2). However, the most common is tetragonally distorted octahedral geometry, 
as seen in ([Cu(H2O)6]
2+
). 
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Coordination number Stereochemistry Compounds (examples) 
3 Trigonal planar Cu2(µ-Br)2Br2 
4 Tetrahedral Cs2[CuCl4] 
4 Square planar [EtNH3]2[CuCl4] 
5 Trigonal bipyramidal [Cu(bipy)2I]
+
 
5 Square pyramidal [{Cu(dmgH)2}2] 
6 Octahedral K2Pb[Cu(NO2)6] 
7 Pentagonal bipyramidal [Cu(H2O)2(dps)]
2+
 
8 Dodecahedral (distorted) [Cu(O2CMe)4]
2+
 
Table 1.2 Examples of stereochemistry of d
9
 (Cu
II
) compounds
1,3
. 
 
In an octahedral environment Cu(II) (d
9
) would possess a degenerate ground 
state. To produce a more stable structure, a geometric distortion will remove this 
degeneracy in accordance with the Jahn-Teller theorem (Figure 1.1). Therefore, Cu(II) 
is usually found in a tetragonally distorted octahedral environment with four strongly 
bound equatorial ligands and one or two weakly bound axial ligands
4
. The reason for 
the absence of a regular stereochemistry for complexes of the Cu(II) ion originates in 
the lack of spherical symmetry associated with the d
9
 configuration of the Cu(II) ion
5
.  
 
Distorted tetrahedral complexes of Cu(II) are also known, as well as 
intermediates between tetrahedral and square geometry complexes. 
 
 
 4 
 
 
Figure 1.1 d
9
 configuration of Cu
2+
 
6
. 
 
Due to the relatively low symmetry of the Cu
2+
 characteristic environment, 
interpretation of the spectra and magnetic properties is complicated. Almost all the 
complexes of Cu
2+
 are blue or green due to an absorption band in the 600 to 900 nm 
region of the spectrum
1
. In the solution, the blue color comes the formation of 
[Cu(H2O)6]
2+
 and the Cu(II) salts frequently crystallize as hydrates
3
.  
 
EPR spectral properties of Cu(II) compounds are discussed in section 1.4.4.10. 
 
1.1.2. Copper and animals 
 
According to the structural and spectroscopic characteristic of the copper 
complex at the active site, copper containing enzymes can be divided into following 
groups:   
1. Normal Cu(II) sites where the spectroscopic characteristics are those of the 
familiar tetragonally coordinated Cu
2+
 ion (sections 1.4.4.10 and 1.4.5.6). 
 5 
 
2. “Blue” copper sites, where Cu(II) is in an unusual geometry. The blue color 
of these sites is caused by very strong absorption in the red part of the visible 
spectrum assigned for S → Cu LMCT transition. These Cu(II) sites also 
have anomalous EPR spectra. 
3. Coupled two-copper centers, where the antiferromagnetic coupling leads to 
diamagnetism and an abnormal visible spectra
1
. 
 
Many of the Cu proteins are analogs to the iron-containing proteins such as 
hemocyanin, tyrosinase, amine oxidases, laccase, blue Cu proteins, superoxide 
dismutase or Cu-containing nitrite reductase. 
 
Not only the animal itself affects the requirement for Cu, but other factors such 
as the presence of Cu antagonists in the feed are important. Due to the Cu-Mo 
antagonism, the Cu:Mo ratio should be at least 4:1 to insure adequate Cu availability.
7
 
  
 The main source of copper for ruminants is grass. The amount in grasses varies 
widely for different species, brassicas and cereals being the best source. The 
concentration of Cu in most studied grass species has been found to be 4.5 - 21.1 mg 
Cu/kg DM. The amount can change also based on the location and weather conditions
8
. 
 
 In most animals, Cu is poorly absorbed and this absorption is influenced by its 
chemical form. In ruminant species, it is only 1 - 3 % of Cu from the diet that is 
absorbed by the animal. Copper can be absorbed in all segments of the gastro-intestinal 
tract, but the greatest amount is absorbed in the small intestine. It is absorbed by two 
mechanisms: saturable (active transport) and unsaturable (simple diffusion).  
 
Intestinal absorption of Cu can be influenced by its chemical form, as well as 
other dietary factors (Ca, Fe, Zn, Cd, Mo reduce Cu absorption). Absorbed Cu loosely 
 6 
 
binds to albumin and amino acids and then is transported through the body.
7
 The uptake 
of the copper by the liver, the most important copper storage organ proceeds in two 
stages: copper binds to glutathione and then metallothionein before being portioned 
between biliary secretion, used in the synthesis of ceruloplasmin and stored. 
Ceruloplasmin receptors in the cell membranes, albumin and amino acids (mainly 
histidine) facilitate the copper uptake in vitro.
8
  
 
Ionic copper is toxic in the free form, therefore it has to be bound to organic 
molecules in the body. If there is more Cu present than necessary (more than the 
available organic molecules), the excess of copper will be bound to high molecular 
weight molecules and then to low molecular weight molecules.
7
 The concentration of 
copper differs between different organs of ruminants; in the heart it is 3.1 mg/kg, 
kidneys 3.6 mg/kg and very low in muscle, fat and bones
8
. Primary excretion of 
unabsorbed Cu is through feces.
7,9
 
 
 Copper in the ruminant’s body has many functions. These are mostly related to 
the functioning of the various copper-dependent proteins in the body. Copper is 
important for the reproduction, bone development, growth, connective-tissue 
development and pigmentation of the skin appendages. Copper also protects tissues 
from oxidant stress and is essential in the immune system in ruminants and small 
animals as it affects the number of cells mediating immunity
8
. 
 
1.2. Molybdenum 
 
1.2.1. Chemistry of Molybdenum 
 
 Molybdenum (Mo) is the 42
nd
 element in the periodic table. It belongs to the 
second transition series. It is a rare element found in rocks at a concentration of about 
 7 
 
1.2 ppm
3
. The ground state electronic configuration of molybdenum is 1s
2
 2s
2
 2p
6 
3s
2
 
3p
6
 4s
2
 3d
10
 4p
6  
4d
5
 5s
1
 or [Kr] 4d
5 
5s
1
. Due to the partially filled 4d orbitals, 
molybdenum can be found in a variety of oxidation states, from Mo(-II) to Mo(VI). The 
most common are Mo(IV), Mo(V) and  Mo(VI); the others will not be discussed further. 
The most stable form of molybdenum is the hexavalent molybdate, MoO4
2-
.  When 
present in oxidation state lower than +VI, molybdenum aggregation in aqueous solution 
occurs resulting in the formation of clusters connected by hydroxo or oxo-bridges.
10
 In 
its compounds, molybdenum has a large range of coordination numbers, from 4 to 9 and 
also a large number of geometries (Table 1.3).  
 
Because of the wide variety of stereochemistries and oxidation states, the 
chemistry of molybdenum is one of the most complex of the transition elements. 
Molybdenum can be found in various oxidation states bound to the oxo, thio or sulfide 
ligands. The Mo/S complexes are characterized by structural diversity and great 
reactivity. The latter one derives from a close matching of the S 3p and Mo 4d orbital 
energies which provide low-energy superexchange pathways for intramolecular electron 
transfer processes. Many molybdenum halides are also well known. 
 
Strong metal-metal bonding is very common for the molybdenum compounds: 
binuclear species of Mo2(O2CCH3)4 and binuclear halides of Mo have been seen
2
. 
 
The molybdenum is usually found in low-spin compounds. Ions with an even 
number of electrons are often diamagnetic. In cases with an odd number of electrons, 
there is usually only one unpaired electron
2
. EPR spectral properties are discussed 
further in section 1.4.4.9. 
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Oxidation state 
Coordination 
number 
Geometry 
Compounds 
(examples) 
Mo
IV
, d
2
 4 Tetrahedral Mo(NMe2)4 
 6 Octahedral [Mo(NCS)6]
2-
 
 6 Trigonal prism MoS2 
 8 
Dodecahedral or square 
antiprism 
[Mo(CN)8]
4-
 
 8 π-complex (ε5-C5H5)2MoCl2 
Mo
V
, d
1
 5 Tbp MoCl5 (g) 
 6 Octahedral Mo2Cl10 (s) 
 8 
Dodecahedral or square 
antiprism 
[Mo(CN)8]
3-
 
Mo
VI
, d
0
 4 Tetrahedral MoO4
2-
 
 5 NR MoOF4 
 6 Octahedral MoO6 
 7 
Distorted pentagonal 
bipyramid 
K2[MoO(O2)2(ox)] 
 8 NR MoF8
2-
 
Table 1.3 Examples of different oxidation states and geometries for Mo compounds
1
. 
 
1.2.2. Biological significance of Molybdenum 
 
 Physiologically relevant Molybdenum is found in oxidation states between +IV 
and +VI. Molybdenum has been found to be biologically active in more than 30 
enzymes, such as xanthine oxidase, nitrate redutase, aldehyde oxidase, sulfite oxidase, 
arsenite oxidase, formate dehydrogenase and others
10
. It is involved in the catalysis of 
controlled oxygen transfer, electron substrate, alcohol metabolism, C1 metabolism, etc. 
 9 
 
The malfunctioning of the molybdoenzymes can lead to various problems, such as 
defects in purine metabolism and  neurological disorders.
10
 
 
1.2.3. Molybdenum and animals 
 
The molybdenum requirements of animals are very low. For ruminants, the 
requirements have not been established but are estimated to be less than 2 ppm
11
. 
 
 Molybdenum is commonly found in soil in concentrations varying from 0.1 – 20 
mg/kg DM. The highest amounts are found in marine soils. Its concentration also rises 
with increasing pH of the soil. The pasture levels vary depending on the soil condition, 
the average value of Mo was found to be 1.1 mg Mo/kg DM.  Its highest levels were 
found in legumes (0.5 – 2.5 mg Mo/kg DM), lower in grasses (0.33 – 1.44 mg Mo/kg 
DM) and cereals (0.16 – 0.92 mg Mo/kg DM) (Ref:Underwood). Molybdenum can be 
easily and rapidly absorbed by livestock, especially in hexavalent forms dissolved in 
water. 
8
  
 
The blood and tissue levels of molybdenum in ruminants are directly 
proportional to its intake. Molybdenum is not absorbed from the rumen or omasum, but 
later in the abomasums and small intestine. 90 - 95 % of unabsorbed Mo is excreted in 
the feces, and the rest by urine.
7
 Molybdenum absorbed across intestinal mucosa can be 
transported in plasma in the free ionic state and stored in the tissues in enzymes such as 
molybdopterin, or bound to xanthine dehydrogenase, aldehyde oxidase or sulfite 
oxidase.  
 
Although low intake of molybdenum does not usually result in severe health 
problems, it can be related to the copper toxicity (section 1.1.2).  Molybdenum 
 10 
 
deficiency can result into impaired function, retarded growth and anemia development 
which can be potentially life-threatening.
8,9
 
 
1.3. Thiomolybdates 
 
1.3.1. Introduction to Thiomolybdates 
 
 Thiomolybdates are anions with the central atom of Mo surrounded by oxygen 
and sulfur atoms. The oxidation state of Mo in thiomolybdates is 6+. In this thesis, TM 
is used as an abbreviation for thiomolybdate. The TM is followed by a number which 
represents the number of sulfur atoms in the anion (Figure 1.2). TM0, containing no 
sulfur atom, is also included for completeness. 
 
Mo
O
O
O
O
Mo
O
S
O
O
Mo
O
S
O
O
Mo
S
S
S
O
Mo
S
S
S
S
TM0
Molybdate
TM1
Monothiomolybdate
TM2
Dithiomolybdate
TM3
Trithiomolybdate
TM4
Tetrathiomolybdate
2- 2- 2- 2- 2-
 
Figure 1.2 Cartoon structures of thiomolybdates. 
 
1.3.2. Laboratory Synthesis of Thiomolybdates 
 
Thiomolybdate synthesis was reported for the first time by Berzelius in 1826
12
. 
Evaporation of molybdic acid in ammonium sulfide yielded TM4. Although several 
similar synthetic approaches for TMs were reported later in the 19
th
 and early 20
th
 
century, most of them resulted only in the formation of TM4. 
 11 
 
Synthesis and spectroscopic characterization of all four thiomolybdates using the 
reaction between hydrogen sulfide (H2S) and molybdate ion (MoS4
2-
) was first 
performed by Diemann and Müller
13,14
. Clarke showed that under  biologically relevant 
conditions (temperature 38 - 40 °C and pH = 7), the synthesis of thiomolybdates from 
molybdate and sulfide proceeds by successive replacement of O by S and ultimately 
results in the formation of the highest of the thiomolybdates, TM4.
15
  
 
The synthesis of all four thiomolybdates using sodium molybdate and 
ammonium sulfide by similar methods and their purification was developed by E. 
Quagraine
16
 (section 1.6.3). He prepared TM1 and TM3 as cesium salts 
(Cs2MoO3S.1/2H2O and Cs2MoOS3) and TM2 and TM4 as ammonium salts 
((NH4)2MoO2S2.2H2O and (NH4)2MoS4). He showed that the formation of the higher 
thiomolybdates is favored by an increased molar ratio of S/Mo, a decrease in pH and 
increased reaction time. By carefully controlling these conditions any desired 
thiomolybdate can be prepared and isolated from the solution in reasonable purity (95 % 
or better). 
 
Syntheses of thiomolybdate salts containing different cations have also been 
reported in the literature: Cs2MoS4
17
, (NH4)2MoOS3
18
, Tl2MoOS3
13
, PbMoS4
19
. 
(NH4)2MoOS3 was prepared to be used as precursors for the synthesis of larger 
molecules, Cs2MoS4 and Tl2MoOS3 were shown to have very low solubility.  
 
 Many alkylammoniumthiomolybdates have been prepared by substitution of the 
ammonium cation by an alkylammonium ion, such as ethylene diammonium
20
, 
tetramethylalkyl, tetrabutylalkylammonium
21
, tetraethyldiammonium
18
,  
bis(tetraethylammonium)
22
, tetramethylalkylammonium and 
tetraheptylalkylammonium
23
. These can be used as the precursors for the preparation of 
larger molecules or can be thermally decomposed to give molybdenum sulfides such as 
MoS2 and MoS3 which are widely used in catalytic reactions. 
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In these thiomolybdates containing large bulky cations, the Mo atom stays in the 
same tetrahedral or slightly distorted tetrahedral environment as in the simple 
thiomolybdates. The interaction between cation and anion can change the stability of the 
compound: ethylene diammonium TM4 is more stable in air and less soluble than 
ammonium TM4 due to formation of hydrogen bonds
20
 between the TM anion and the 
ethylenediammonium cation via N-H…S and C-H…S bonds. This results in formation 
of a three dimensional network. 
 
Most of the examples from the literature report the preparation and study of 
tetrathiomolybdates and there are very few examples of lower thiomolybdates (TM3, 
TM2 and TM1), which is most likely due to their instability in air or in solution. 
 
1.3.3. Reactions of Thiomolybdates in Solution  
 
 In aqueous solution, thiomolybdates undergo hydrolysis, where S is replaced by 
O, resulting in the formation of lower thiomolybdates. Their stability varies, the most 
stable being TM4 (up to one day at pH = 7)
15
 and the least stable TM1 (hydrolysis 
occurs within minutes after its dissolution). Stability in aqueous solution also depends 
on the environment, mainly pH.
16
 In acidic solution TM4 form different polyanions 
((Mo4S15)
6-
, (Mo2S7)
2-
, (Mo4S13)
2-
) depending on the concentration of H
+
, resulting in 
the formation of MoS3 as a final step
24
. 
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1.4. Characterization of TMs 
 
1.4.1. UV/Vis Spectroscopy 
 
1.4.1.1. Principles of UV/Vis Spectroscopy  
 
The electronic absorption bands are related to charge-transfer transitions 
between MOs of the TM species (Table 1.4).  
 
MoS4
2-
 MoOS3
2-
 MoO2S2
2-
 MoO3S
2-
 MoO4
2-
 Assignment 
467 461    n(S3p) → E(Mo4d) 
 395 394 394  
π(S3p - Mo4d) → 
E(Mo4d) 
317 311 318   
ζ1(S3p - Mo4d ) → 
E(Mo4d) 
  288 288  
ζ2(S3p - Mo4d ) → 
E(Mo4d) 
241 256    
n(S3p) → 
T2(Mo4d) 
 225 219   
n(S3p - Mo4d) → 
T2(Mo4d) 
   224 225 
n(O2p) → 
E(Mo4d) 
    208 
ζ(O2p - Mo4d) → 
E(Mo4d) 
Table 1.4 Electronic absorption spectra of TMs, υmax (nm) and assignments as 
calculated by Jostes
25
. 
 
 14 
 
Thiomolybdates are mostly of characteristic color (deep dark red or purple for 
TM4, orange or yellow for lower TMS), and their UV/Vis spectra show peaks with 
maxima characteristic of the charge transfer transition within TM4. 
 
UV/Vis spectroscopy has been widely used to determine the purity of TM 
samples in solution, because of the characteristic bands (Figure 1.3) of each TM 
25,26
. 
Differences in the spectra caused by O → S substitution are due to changes of the 
occupied MOs
27
.  
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Figure 1.3 Characteristic spectra of TMs
28
. 
 
The concentrations needed to collect a UV/Vis spectrum are very low (10
-4
 M) 
and a spectrum can be obtained in one minute.  
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Characterization of the thiomolybdates in the solution using UV/Vis 
spectroscopy is complicated by the overlap of the peaks in the spectra of all four 
thiomolybdates (Figure 1.3). For this reason the absorption coefficients reported in the 
literature differ
13-15,18,29
. Recently, improved characterization of the UV/Vis spectra 
together with the use of computer software for fitting has allowed for more thorough 
analysis of the species
28
. Due to the sensitivity of spectra to concentration change and 
the relatively short collection times (compared to other methods), UV/Vis spectroscopy 
also provides a useful tool in the kinetic study of the formation, hydrolysis and reactions 
of thiomolybdates.
28,30,31
 
 
1.4.1.2. Job’s Method 
 
 Using UV/Vis spectrophotometry and Job’s method, the ratio of the reactants in 
a final product can be determined. The simplest scenario is to use a constant total 
concentration of the reactants B and D. The molar ratio of reactants is changed and 
therefore also the concentration of the final product (P) changes.  
bB + dD
𝐾𝑓
⇆
 
pP          1.3 
where Kf is the formation constant of the product (Kf = 
aP
aB× aD
), a is the activity; b, d and 
p are stoichiometric coefficient of the B, D and P species, respectively.  
 
If the UV/Vis absorbance of the mixture is monitored at a wavelength where 
none of the reactants absorb but the product has a strong absorbance, then absorbance of 
the solution  
A = εPcPl             1.4 
where εP is the molar absorptivity coefficient of the product formed in the solution (in 
L/mol.cm), cP is its concentration (in mol/L) and l is the pathlength (in cm). If at a 
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chosen wavelength the product and also the reactants absorb, then the total absorbance 
is 
A =  εPcPl + εBcBl +  εDc𝐷l         1.5 
 
In the case where the absorbance of the complex is larger than the absorbance of 
the reactants, when the molar ratio of reactants in the mixture is that of the reaction ratio 
involved in the formation of the product, the maximum concentration of the product and 
therefore the maximum absorbance is observed. For reaction  
B + D 
𝐾𝑓
⇆
 
 P           1.6 
the maximum absorbance would be observed at the molar fraction 0.5 for B and 0.5 for 
D. For the reaction  
2B + D 
𝐾𝑓
⇆
 
 P           1.7 
the maximum absorbance will be observed at the molar fraction xB = 2/3 and xD = 1/3. 
 
 For the system with a reaction that proceeds to the complete consumption of at 
least one the reactants (infinitely high Kf), 
B + D 
𝐾𝑓
⇆
 
 P            1.8 
the maximum absorbance is observed as a sharp peak in the plot of Absorbance of the 
product vs. molar fraction of reactants (Figure 1.4). At the maximum absorbance point, 
there are no reactants present in the solution and the concentration of the product can be 
obtained directly from equation 1.4. 
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Figure 1.4 Change in absorbance vs. the molar fraction of a reactant for a reaction with 
1:1 stoichiometry and very high Kf. 
 
For the system that reaches equilibrium (low Kf),  
B + D 
𝐾𝑓
⇆
 
P                     1.9 
where all components are present, product and reactants, the maximum absorbance is 
situated on the curved peak of the plot of absorbance of the product vs. molar fraction 
(Figure 1.5).  
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Figure 1.5 Change in absorbance vs. the molar fraction of a reactant for the system with 
low Kf. 
 
In this case, the stoichiometric product concentration is not reached but can be 
estimated by extending the lines above the curved portion of the graph. This 
concentration is then obtained from the intersection of these two lines. The magnitude 
of the value of Kf can also be estimated from the curvature of the graph. 
 
 Another method to determine the ratio of reactants is a titration. Here, the 
amount of one of the reactants is kept constant, the amount of the other reactants is 
varied. 
 
In this case, as the ratio of the reactants in the mixture approaches the 
stoichiometric value, the absorbance of the product is increasing and so therefore is the 
measured absorbance. When the correct ratio of reactants is reached, the maximum 
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absorbance is also reached. If more reactant is added into the mixture, the absorbance 
will not change anymore, except for dilution.  
 
For the system with high Kf, a sharp change in the trend of the graph of 
measured absorbance vs. amount of the reactant is reached. After this, a plateau is 
observed (Figure 1.6).  
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Figure 1.6 Absorbance vs. amount of the reactant for the system with high Kf. 
 
If the Kf is low for the studied system, a curvature (Figure 1.7) is formed as the 
amount of added reactant is approaching the value of the correct molar ratio. This is 
because at any point, the maximum concentration is not reached, as all components, 
product and reactants are present in the system at the same time. The maximum 
absorbance (and maximum concentration) of the product can be obtained from the 
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intersection of the two lines. The curvature of the graph can provides estimate of the 
magnitude of Kf of the system.  
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Figure 1.7 Absorbance vs. amount of the reactant for the system with low Kf. 
 
From UV/Vis measurement of the system described above, the estimate of Kf 
can be obtained. 
Kf = 
[P]
p
 B b D d
                     1.10 
Total concentration of B species is cB =  B  + 
b
p
 P  and total concentration of D species 
is cD =  D  + 
d
p
 P . Then we can substitute for [B] and [D]: 
Kf = 
 P p
 cB - 
b
p
 P  
b
 cD - 
d
p
 P  
d                   1.11 
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The stoichiometric coefficients can be estimated from the plot at the maximum 
absorbance of the product, the total concentrations of B and D species are known, as 
they represent initial concentrations of the reactants put in the mixture. At various 
wavelengths, the absorbance is calculated from the equation above. The Goal Seek 
function in Excel (Figure 1.8) can be used to find the Kf value (using a guess for the 
starting value) by seeking a value for Kf which will minimize the square of differences 
between measured and calculated absorbances. 
 
  
2
2
 
 
Figure 1.8 Spreadsheet for the calculation of the Kf of the complex formation from the titration data measured by UV/Vis 
spectroscopy.
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1.4.2. 95Mo NMR 
 
NMR of a transition metal nucleus provides direct information about the metal 
centre in different physical and chemical environments. The chemical shift, δ (in ppm), 
can give information about the electronic environment about the metal nucleus. The 
linewidth (width at half height), Δυ1/2 (in Hz), can provide information about the degree 
of symmetry of the electric field at the nucleus. The coupling constant, 
n
J (Hz), can help 
delineate molecular structure and intramolecular bonding.
32
 
 
Thiomolybdate Mo(VI) complexes have a very large chemical shift range (-2000 
- +4000 ppm
32,33
) in 
95
Mo NMR. The technique has previously been used to determine 
the approximate purity of thiomolybdates, their equilibrium constants and their 
inconversion kinetics
34
. In D2O, Na2MoO4 is used as a standard with a shift of 0 ppm. 
Each replacement of an oxygen by sulfur in the molecule results in the increase of the 
chemical shift by approximately 500-600 ppm
35,36
 and therefore this technique can be 
used to distinguish between thiomolybdates in solution. Changes in the chemical shift 
reflect changes in the valence 4d orbitals caused by ligand substitution
37
. The exact 
chemical shift can also be influenced by the presence of other ligands or different 
cations in the thiomolybdate: the difference of the 
95
Mo chemical shift between 
(NH4)2TM4 and (Et4N)2TM4 is a few ppm (Table 1.5). The solvent also plays a role in a 
chemical shift which shows the interaction of TMs with solvent
38
 (Table 1.5).  
 
Despite being a quadrupolar nucleus, 
95
Mo NMR gives generally sharp peaks 
with the linewidths reported between 0.3-10 Hz
32
. This is due to the fact that its 
quadrupole moment is small. The signal width increases with the asymmetry of the 
molecule; for small and symmetric TMs this linewidth is therefore small. 
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Compound Chemical shift (ppm) Solvent 
(NH4)2[MoS4]
39
 2175 DMSO 
(NH4)2[MoS4]
38
 2258 H2O 
(NH4)2[MoS4]
38
 2207 MeCN 
(Et4N)2[MoS4]
38
 2252 H2O 
(Et4N)2[MoS4]
38
 2251 D2O 
[MoO3S]
2-
 
38
 497 H2O 
[MoO3S]
2-
 
38
 Not observed MeCN 
(NH4)2[MoO2S2] 
38
 1066 H2O 
(NH4)2 [MoO2S2] 
38
 964 MeCN 
K3[MoOS3]Cl 
38
 1654 H2O 
K3[MoOS3]Cl 
38
 1587 MeCN 
Table 1.5 
95
Mo chemical shifts for TMs. 
 
The disadvantage of 
95
NMR spectroscopy is the need for long collection times 
due to the low sensitivity of the 
95
Mo nucleus. Therefore to obtain a signal of reasonable 
intensity, high concentrations of thiomolybdates in solution and/or long scanning times 
are needed. The solubility of simple thiomolybdates is relatively low (maximum 0.1 M 
for TM4, lower for the other TMs). Increased concentration leads to precipitation within 
minutes most likely due to the polymerization of TMs 
14,24,40,41
. At the concentrations 
used, long scanning times result in the hydrolysis of TMs and consequently to the 
formation of lower species which contaminate the measured sample
16
.  
 
95
Mo NMR is not suitable for the unambiguous determination of the Mo 
oxidation state. The problem is the overlap of ranges (Table 1.6) for molybdenum in 
 25 
 
different oxidation states which makes it difficult to distinguish between Mo(VI), 
Mo(II) and Mo(0) species
32
. 
 
Compounds 
95
Mo chemical shift range (ppm) 
Polyoxomolybdates (VI) 0 - 300 
Mononuclear Mo(VI) -500 - + 3500 
[Mo2
V
O2X2]
2+
 300 - + 1000 
Mo(IV) -1500 - + 3500 
[Mo2
III
]
6+
 + 2500 - + 3500 
[MoNX]
3+
 - 300 - + 2500 
[Mo2
II
]
4+
 + 3000 - + 4000 
Mononuclear Mo(II) -2000 - + 300 
[Mo2
I
]
2+
 -1800 - + 300 
[Mo(NO)2]
2+
 -1000 - + 300 
Mo(0) -2000 - -200 
Table 1.6 
95
Mo NMR chemical shift range
32
. 
 
1.4.3. Infrared Spectroscopy (IR) 
 
 IR spectra can be used to characterize the presence of certain groups in the 
thiomolybdates. Mo-S vibrations are normally found in the range 400 – 500 cm-1 and 
the Mo-O vibration very close to 900 cm
-1
. Laurie et al. measured the IR spectra of all 
four thiomolybdates
42
 (Table 1.7) and the position of the bands agree with results 
published by different groups
14,43
. Lakshmanan however found that MoS4
2-
 with Td 
symmetry has two IR active bands: at 458 and 472 cm
-1
.
44
 The exact position of the 
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bands for thiomolybdates in the solid state can be slightly influenced by the nature of 
the cation
18
 and its interaction with the anion; tetramethylammonium TM4 has the Mo-
S characteristic band at 472 and tetrabutylammonium TM4 at 466 cm
-1
.
21
 The bridging 
(between MoS4 units) and terminal S in the Mo-S bonds can also be distinguished based 
on the frequency of the IR band: Mo-St in the range 480 - 510 cm
-1
 and Mo-Sb 430 - 
460 cm
-1
.
45
  
 
Thiomolybdate IR band:  Mo-S (cm
-1
) IR band: Mo-O (cm
-1
) 
TM4 476  
TM3 470 860 
TM2 460 860, 840 
TM1 476 880, 860, 840 
Table 1.7 Characteristic IR bands for thiomolybdates in aqueous solution
42
. 
 
1.4.4. Electron Paramagnetic Resonance (EPR) Spectroscopy 
 
1.4.4.1. Principles of EPR 
 
This is just a brief summary; for a detailed description and explanation of EPR 
the reader is referred to numerous books available on this subject
46-52
  
 
 In the absence of an external magnetic field an electron’s magnetic moment is 
oriented randomly. In an EPR experiments, electron spins will interact with applied 
electromagnetic radiation in a large, externally applied magnetic field. When this 
external field is applied, the electrons will align either with or against this field. For 
resonance to occur, the energy associated with the electromagnetic radiation must be 
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equal to the energy separation between the levels, according to the Planck equation 
(Figure 1.9). 
hυ = ΔE                     1.12 
 
 
Figure 1.9. The effect of an applied external magnetic field. 
 
In EPR spectroscopy the sample is placed in a magnetic field and a linear field 
sweep is performed, while simultaneously exposing the sample to a fixed frequency of 
microwave irradiation.  Resonance (EPR absorption) occurs when the irradiation 
frequency matches the energy level separation created by the magnetic field. 
 
There are many electrons in the studied system that interact with applied 
magnetic field. During this process some of them will be oriented parallel and some 
antiparallel to this field. All these electrons contribute to the EPR signal which is a 
resultant vector and depends on the slightly different electron populations in the two 
levels, with more being in the equilibrium. This is described by the Boltzmann 
distribution 
 28 
 
N+
N-
 = e
- 
∆E
kT
 
                        1.13 
where N
+
 and N
- 
represent the number of electrons oriented parallel and antiparallel to 
the magnetic field, respectively, k is the Boltzmann constant and T is the temperature. 
The ratio 
N-
N+
 can be enhanced by minimizing the temperature and maximizing the 
energy gap ΔE by maximizing the magnetic field B. 
 
1.4.4.2. The g-factor 
 
 The g-factor of an EPR sample determines the position in the magnetic field 
where an EPR transition will occur. The g-factor helps characterizes the type of EPR 
sample measured. It can identify a specific metal ion, its oxidation state, spin state or 
coordination environment. It is defined as 
g = 
hυ
μ
B
B0
                                1.14 
where h is the Plank’s constant, ν is the frequency, µB is the Bohr magneton and B0 is 
the magnetic field value. 
 
The value of g for a free electron is ge = 2.0023. The measured g-factor is 
usually different from the free spin value. The magnitude of this deviation (Δg) depends 
upon the magnitude of the spin-orbit coupling, δ. δ increases rapidly with increasing 
atomic number, Δg might be large if there is a significant spin density in p or d orbitals 
in heavy atoms.
48
  Deviation from the free spin value is due to the presence of orbital 
magnetism that adds or subtract from the spin magnetism. Δg < 0 when the unpaired 
electron acquires orbital angular momentum (the magnetic moment associated with 
orbital angular momentum is 1) and Δg > 0 if coupling occurs via a filled rather than 
empty orbital level. 
48,53
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 Three different types of systems can be studied by EPR spectroscopy: solutions, 
single crystals and powders (composed of many small randomly oriented crystals). The 
latter two are solid materials. 
 
 In general, g is anisotropic and has three principal values along three orthogonal 
axes.
48
  In this case, there are three different g-values for interaction of a spin with the 
applied magnetic field along three axes of the crystal (single crystal or small crystal of 
powder material). The anisotropic g factor varies with the direction (x’, y’, z’) in a 
single crystal. g-factor forms a symmetric tensor g’ with six components g’ij (g’ij = g’ji).  
g =  
g'
x'x'
g'
x'y'
g'
x'z'
g'
y'x'
g'
y'y'
g'
y'z'
g'
z'x'
g'
z'y'
g'
z'z'
                               1.15  
If the g tensor has axial symmetry, then parallel g║ = gzz and perpendicular g┴ = gxx = 
gyy  are observed where z is the symmetry axis.
53
  
  
The simplest example is when all the three values of the g-factor are the same, 
gxx = gyy = gzz = g. In this case, the g-factor is isotropic. The resonant field is 
independent of the orientation of the applied magnetic field with respect to the sample 
(Figure 1.10). This is characteristic for EPR spectra of solution samples, where the rapid 
tumbling of molecules results into the observation of only one, average value of the g-
factor. In solid samples, an isotropic g-factor is characteristic of symmetry point groups 
Oh (octahedral) and Td (tetrahedral).
54
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Figure 1.10 EPR spectrum with an isotropic g-factor (no hyperfine structure). 
 
 In axial symmetry, parallel, gǁ  and perpendicular, g┴ g-factors with different 
values are observed (Figure 1.11). These represent the interaction of the magnetic field 
and the principal axis of the crystal, when they are parallel of perpendicular to each 
other, respectively. The resulting g-factor is then defined as 
 g2 =g
┴
2sin
2ζ+ g
ǁ
cos2ζ                   1.16 
where ζ is the angle between the crystal axes and electromagnetic field orientation. For 
solids, the axial g-factor can be found in the sample of many symmetry point groups: 
C4v (square pyramidal), C3v (trigonal pyramidal), D2d (flattened or elongated 
tetrahedron), D4h (square planar). 
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Figure 1.11 EPR spectrum with axially symmetric g-factor. 
 
 The rhombic g-factor (Figure 1.12) has three different values of g-factors, gxx, 
gyy and gzz. This type can be observed in frozen solutions, when the rapid tumbling of 
the molecules is stopped and EPR behavior of the frozen solution is comparable to the 
EPR behavior of the solid samples. Rhombic g-factor is also commonly observed for 
the solid samples, crystals and powders, for symmetry point groups such as C2h 
(angularly distorted planar), C2v (XMA2B2 square pyramid), D2h (MA2B2 square planar) 
C2, Cs, Ci, C1.
54
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Figure 1.12 EPR spectrum with anisotropic g-factor. 
 
 Measuring g factor from polycrystalline or powder samples in the solid phase is 
more rapid but yields only approximate values. Therefore if it is possible, to get more 
accurate g factor values, it is advisable to perform single-crystal EPR measurements
55
. 
 
1.4.4.3. Hyperfine Interaction 
 
 The nucleus possesses a nuclear spin angular momentum. If such a nucleus is in 
the vicinity of the unpaired electron, it will affect the EPR spectrum. All nuclei with I ≠ 
0 give rise to a local magnetic field which adds to the external magnetic field the 
electron experiences. The interaction between the unpaired electron and the magnetic 
nucleus is called hyperfine interaction and leads to the splitting of the EPR lines 
centered about the g-factor (Figure 1.14). With nucleus I = 0 no hyperfine splitting is 
observed. For an electron with spin = ½, Ms is either + ½ or – ½ (Figure 1.9). When a 
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nucleus with I = ½ is present further splitting occurs (Figure 1.13). The resulting 
number of lines depends on the nuclear spin and can be calculated as 2I+1.
51
 Hyperfine 
interaction is characterized by the hyperfine splitting constant, A, which is usually 
reported in Gauss (Tesla and cm
-1
 are sometimes used). 
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Figure 1.13 Effect of the presence of the nucleus with nuclear spin MI = ½ on the 
splitting of an EPR line. 
 
The anisotropy of the hyperfine splitting follows the trend of the anisotropy of 
the g-factor described above. Isotropic hyperfine interaction is characteristic for the 
solution when it averages because of the rapid rotation of the molecules
47
, the same as 
mentioned previously in the case of the g-factor. The isotropic EPR spectrum is 
observed with gxx = gyy = gzz and Axx = Ayy = Azz
54
.  
 
 In the axial (tetragonal) symmetry system, two values Aǁ  and A┴ are observed 
for a hyperfine splitting (Figure 1.14). This EPR spectrum is characterized by gxx ≠ gyy 
= gzz and Axx ≠ Ayy = Azz.
54
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Figure 1.14 Effect of the hyperfine splitting on the EPR spectrum of axial symmetry. 
 
In case of complete anisotropy, three values Axx, Ayy and Azz are observed 
(Figure 1.15). These types of splitting are characteristic for the solid sample and frozen 
solutions, when the rapid rotation of molecules is frozen. In this case, gxx ≠ gyy ≠ gzz and 
Axx ≠ Ayy ≠ Azz. This is characteristic of rhombic spectra.
54
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Figure 1.15 Effect of a nucleus with I = ½ on the EPR spectrum, resulting in the 
hyperfine splitting. 
 
 The larger the I value, the more splitting is observed in the spectrum. If several 
nuclei with a nuclear splitting are present in the same sample, its EPR spectrum gets 
more complicated and more difficult to analyze. This might be the case when one or 
more nuclei with nuclear spin larger than zero are ligated to the nucleus already causing 
the line splitting (section 1.4.4.9), resulting in superhyperfine splitting
56
. On the other 
hand, this can provide valuable information on the extent of the interaction within the 
sample.  
 
1.4.4.4. Signal Intensity 
 
 There are two factors which have influence on the signal intensity. The first one 
is the concentration of unpaired electrons in the measured sample: an increased number 
of unpaired electrons leads to an increased signal intensity. The second one is the 
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microwave power. The signal intensity increases with the increasing microwave power 
until saturation is reached. This is determined by the sample’s Boltzmann distribution at 
that power level (equation 1.13). 
  
1.4.4.5. Lineshape of EPR Spectra 
 
 The EPR spectrum is recorded as the derivative of the absorption peak to 
enhance the sensitivity of the instrument. The shape of EPR lines are described by 
comparison with the Lorentzian (Figure 1.16) 
y = 
a
1+bx2
                     1.17 
and the Gaussian (Figure 1.16) line shapes 
y = ae -bx
2                      1.18 
where a is the intensity of the signal and b is the linewidth in EPR spectroscopy. 
 
Figure 1.16 Profile of the Lorentzian (broken line) and Gaussian (solid line) functions. 
0
0.2
0.4
0.6
0.8
1
1.2
-8 -6 -4 -2 0 2 4 6 8
y
x
 37 
 
Lorentzian shapes are usually observed for EPR lines of systems in liquid 
solution if the concentration of paramagnetic centers is low. Lines approach the 
Gaussian shape if the line is a superposition of many components. Such lines are called 
inhomogeneously broadened. 
51
 There are also other factors that lead to broader lines, 
such as  rapidly relaxing electrons (slower relaxation = sharper lines), weak hyperfine 
interactions and/or anisotropic interactions or a high concentration of unpaired electrons 
in a sample due to increased “spin-spin” relaxation.  
 
 The area under the absorption curve corresponds to the amount of paramagnetic 
species. Because the integration procedure is complicated due to the asymmetry of the 
peaks, an approximate integral can be obtained from the derivative curve using peak-to-
peak derivative amplitude (2Y’max) and peak-to-peak width ΔHpp 
51
. 
I∝Y'max ∆Hpp                     1.19 
 
1.4.4.6. The EPR Spectrometer  
 
The typical setup of an EPR spectrometer is shown in Figure 1.17 . The 
microwave bridge has a microwave source which is a klystron, and a detector.  The 
cavity stores microwave energy at its resonant frequency. The signal channel contains 
necessary electronics which enhances the sensitivity of the spectrometer. The field 
controller checks and adjusts the magnetic field.
57
 
 
Most commonly used EPR spectrometers use a microwave frequency of 9.5 
GHz. But there are EPR spectrometers with different frequency and magnetic field 
(Table 1.8). The high frequency puts an emphasis on the g-factor which means that gxx, 
gyy and gzz are better separated on the spectrum. This is in agreement with a resonant 
condition (equation 1.14) because the value of g-factor depends on applied magnetic 
field, but the different frequency does not affect the hyperfine splitting. 
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Magnet
Microwave bridge
Signal Channel
Experiment control
Field controller
Cavity with sample
 
Figure 1.17 Simplified scheme of an EPR spectrometer.
57
  
  
Microwave Band 
Microwave Frequency 
(GHz) 
B0 (for g = 2) Gauss 
L 1.1 392 
S 3.0 1070 
X 9.5 3389 
K 24.0 8560 
Q 35.0 12485 
W 94.0 33600 
Table 1.8 Different types of EPR spectrometers and their working frequencies. 
 
1.4.4.7. Applications of EPR 
 
Systems that can be studied by EPR include: 
 
1. Free radicals: molecules possessing at least one unpaired electron. 
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2. Biradicals: molecules possessing two unpaired electrons which are far enough 
from each other that only weak interaction between them exists. 
3. Molecules in a triplet state: two atoms, each possessing an unpaired electron, 
with a strong bond between them. The triplet state can be a ground state or some 
excited state. 
4. Compounds with three or more unpaired electrons. 
5. Defects in crystals and solids. One or more electrons can be situated inside or in 
the close proximity of these defects. 
6. Ions with partially occupied electron levels, such as transition metal ions. 
 
This means that EPR can be applied to study a broad range of systems, such as 
biological systems, chemical systems, conduction electrons, free radicals, gases, 
irradiated substances, naturally occurring substances, semiconductors, transition 
elements.
48,53
 
 
1.4.4.8. Computer Simulation 
 
 In the case of the EPR spectra of amorphous and glassy materials (powder type), 
the magnetic spins are oriented randomly. This results in anisotropy of the spectrum 
and with several EPR active sites, the spectra can get complicated. Therefore, if 
possible, the spectrum of a single crystal should be measured, which will provide more 
accurate values of g-factor and hyperfine splitting, if observed. Unfortunately, not all 
compounds can be crystallized. Therefore to get accurate parameters, computer 
simulation has to be performed. 
 
 The most commonly used for the simulation purpose is the Bruker program 
Simfonia. WinEPR software is only for simple processing of the spectra when needed 
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while Simfonia is used for simulation of the measured and processed (when applicable) 
EPR spectra. 
 
 In Simfonia, EPR spectra of both solution and powder samples can be simulated. 
This has to be chosen before the choice of parameters is made due to the different 
setup of parameters for the simulation. Prior to the start, the measured spectrum that 
will be simulated is loaded. The instrumental parameters such as center field, sweep 
width, modulation amplitude, time constant and conversion time are input.  
 
 For powder spectra (Figure 1.18) all the directions for the hyperfine splitting, A, 
are specified for the nucleus with I ≠ 0 as well as the number of nuclei of the same type 
and their nuclear spin. For the electron, the three values of the g-factor are specified. In 
case of isotropic spectra, all three values are set to be the same. The spin of the electron 
is set as well as zero-field splittings, D and E, if applicable. The number of theta and 
phi are the number of steps in the calculation. The higher this number, the more 
accurate results are obtained. 
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Figure 1.18 The setup of parameters for the simulation of the powder EPR spectrum. 
 
 Next, the line width of the spectra in all the directions: x, y and z is specified. 
The line shape: Gaussian or Lorentzian or their combination can be chosen here. 
 
 For solution samples (Figure 1.19), the nucleus is chosen from the built-in 
periodic table. This also includes properties of the chosen nucleus relevant to the EPR 
spectra, such as nuclear spin of all the naturally occurring isotopes of the nucleus, their 
abundances. The hyperfine splitting, A, can be specified in here. The g-factor of the 
electron is also specified having only one value due to the anisotropy of the spectra. 
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Figure 1.19 The setup of parameters for solution spectra simulation. 
  
 After the simulation is complete, both, the experimental and the simulated 
spectrum are visible in the window. To compare them, they can be overlaid for better 
comparison. If the difference is observed either visually by comparison of the overlaid 
spectra or by the third spectrum which is a difference spectrum, then the parameters are 
adjusted and simulation ran again. When the satisfactory agreement is obtained, the 
parameters can be obtained from the setup tables. 
 
 In case of more complicated spectra, where the spectrum is composed from 
several signals, each component is simulated separately, and in the end the components 
are then added together to compose a spectrum. 
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1.4.4.9. Molybdenum EPR 
 
There are two paramagnetic oxidation states of Mo that can be studied by EPR: 
Mo
III
 and Mo
V
.  There are only two isotopes of Mo that can have an influence on the 
spectrum in terms of showing the hyperfine structure (section 1.4.4.3), these are 
95
Mo 
and 
97
Mo, both with I = 5/2. The other isotopes possess nuclear spin I = 0 and do not 
demonstrate hyperfine splitting in the EPR spectra. The natural abundance of 
95
Mo and 
97
Mo is 15.92 % and 9.55 %, respectively. Due to such a low abundance hyperfine 
splitting might be difficult to observe. Study of molybdenum nitride by Xie
58
 and  study 
of ammonium heptamolybdate – citric acid interaction by Andreev59 are examples of 
the situation where Mo hyperfine splitting is not visible (Table 1.9, Table 1.10 and 
Table 1.11).  
  
When hyperfine splitting due to Mo atoms is observed in the EPR spectra, it is 
in the form of weak satellite signals only. This was observed in the 
95
Mo enriched 
sample of [Mo3CuS4]
4+
 complexes
60
, irradiated frozen solution of MoS4
3-
 
61
, and sulfite-
oxidase
62
. 
 
The EPR spectra of Mo-containing compounds usually have an anisotropic g-
factor and A values related to the symmetry of their compounds (see above: g factor and 
hyperfine splitting).
52,58-61,63,64
 In both the axial and rhombic cases (see Table 1.9 and 
Table 1.10) anisotropy has been observed in the EPR spectra where the unpaired 
electron is on Mo. The g-factor of EPR signals due to Mo species usually has values in 
the range 1.907 - 2.05. The A values can also vary from a few tenths
61
 to a few 
hundreds
60
 of a Gauss (Table 1.9, Table 1.10). 
  
4
4
 
 gǁ  g┴ Aǁ  A┴ 
[MoO(SPh)4]
- 65
 
[MoO(SPh)4]
- 66
 
[MoO(SPh)4]- 
52
 
2.017 1.979 56.3 G 
24.6 G
 
23.8 G
 
 
52 
 
Ammonium 
heptamolybdate-citric 
acid powder
59
 
1.94 1.92 Not observed  
Molybdenum nitride
  58
 1.892 1.935 75 G  
Mo(V) salicyladoxime 
64
 1.950 1.935 NR  
[MoO(SePh)4]- 
52
 2.072 2.005 51.7 G 22.7 G 
MoS4
3-
 
61
 1.953 1.973 54.6 G 32.1 G 
Amorphous MoS3
67
 1.9013 1.9398 Not observed 
Table 1.9 Characteristic axial g-factors for Mo complexes. (NR = not reported)
  
4
5
 
 gxx gyy gzz Axx Ayy Azz 
Sulfite oxidase (low pH 
form)
66
 
2.007 1.974 1.968 60.7 G 26.8 G 17.9 G 
Sulfite oxidase (high 
pH form)
66
 
1.990 1.966 1.954 58.2 G 22.6 G 12.1 G 
Sulfite oxidase (very 
rapid, xanthine)
66
 
2.025 1.955 1.949 47.5 G 19.5 G 20.4 G 
(tp*)MoVO(bdt)
66
 2.004 1.972 1.934 53.5 G 12.2 G 53.2 G 
Cis, trans—(L-
N2S2)Mo
V
O(SCH2Ph)
66
 
2.022 1.963 1.956 62.5 G 25.4 G 23.9 G 
Annealed molybdic 
acid
59
 
1.88 1.92 1.93    
LMoO(bdt)
65
 2.004 1.972 1.934 53.5 G 12.2 G 53.2 G 
LMoO(edt)
65
 2.018 1.970 1.939 58.5 G 3.5 G 48.7 G 
LMoO[S(CH2)3S]
65
 2.017 1.950 1.925 57.0 G 16.4 G 49.7 G 
LMoO[S(CH2)4S]
65
 2.022 1.960 1.932 56.5 G 16.6 G 49.7 G 
[LMoO(S2CNEt2)]
+
 
65
 1.980 1.970 1.954 68.8 G 32.1 G 32.1 G 
[LMoO{S2P(OEt)2}]
+65
 1.980 1.965 1.953 Not observed   
[MoO(edt)2]
-
 
65
 2.052 1.983 1.979 52.9 G 20.0 G 22.2 G 
Table 1.10 EPR parameters of rhombic type spectra of Mo compounds.
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However, a small number of compounds have isotropic g-factors and A values 
(Table 1.11).
64,65
  
 
 g  A 
Mo(V) 
salicyladoxime 
64
 
1.948    
Mo(V) – 
H2BPO
64
 
2.005 Not resolved parallel and perpendicular 
[MoO(abt)3]
-
 
52
 1.990  12.7 G 48.3 G 
Table 1.11 Parameters of the isotropic EPR spectra of Mo compounds. 
 
Most commonly studied are complexes of Mo with O or S atoms bound to the 
central atom. Nikolova observed that EPR signals with g  = 1.92 – 1.94  were 
characteristic for oxo –Mo5+ species and g = 1.99 characteristic for  Mo5+ sites with O, 
S - surrounding
63
 in the study of MoO3/γAl2O3 species. Dowerah also assigned an EPR 
signal with average g-factor = 1.9670 as characteristic of oxo-Mo
5+ 
species
68
. However 
from the Table 1.10 and Table 1.11, it is evident  that the g factors larger than ge = 
2.0023 are commonly observed for the species where the unpaired electron is situated 
on Mo atom. However, a much smaller g-factor value for molybdic acid (1.88) has also 
been observed (Table 1.10)
59
. 
 
The characteristic g-factors are g⊥ < ge and g║> ge 
52,59,63,65
, however the species 
having EPR signal due to Mo atoms with both g⊥ and g║< ge have also been 
observed
52,59-61
 or both g⊥ and g║> ge
52
 (Table 1.9).  
 
The g-factor of the Mo in the EPR spectra can be influenced by the type of the 
neighboring atom
63
 and the number of these atoms. An increase of the g-factor and a 
decrease of the A-value (
95,97
Mo) had been observed as the result of decreasing number 
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of coordinated S-atoms: compounds with two sulfur ligands have average g-factors = 
1.965 - 1.971 and average A values = 35.9 - 38.3. For compounds with four sulfur 
ligands the average g-factor was found to be 1.990 and average A value 31.5 (Table 
1.9)
65
.   
 
Values of gxx > ge are a common feature of compounds containing multiple 
sulfur donor ligands. The large g values observed in these systems have been attributed 
to low-energy LMCT [S p → Mo d] charge-transfer bands, sulfur one-electron spin-
orbit coupling and metal-ligand covalency.
66
 
 
Even if a Mo-containing compound is EPR active in solid (powder) state, it 
doesn’t have to be in the solution. A case of a solid-state EPR active Mo(V) – 
benzophenonoxime compound has been reported (but not explained) that doesn’t show 
any signal when dissolved in chloroform.
64
 
 
1.4.4.10. Copper EPR 
  
 Copper has one oxidation state, Cu(II) with a d
9
 electronic configuration (one 
unpaired electron), that is EPR active and commonly studied by EPR spectroscopy. 
Cu(I) and Cu(III) are both diamagnetic and therefore EPR inactive. Furthermore, the 
two only natural isotopes, 
63
Cu and 
65
Cu, both possess nuclear moment I = 3/2 and 
cause hyperfine splitting observed in the EPR spectra of Cu(II) compounds. 
  
 For Cu(II), there is an interaction between magnetic field and the magnetic 
moment 𝜇𝐿 =  − 𝛽𝑒𝐿 due to the orbital angular momentum (L) of the electrons. The 
total interaction is then described by 
H = - H. μ
L
 + μ
S
  = β
e
H.(L + 2.0023S)  
55
                   1.20 
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where H is the spin Hamiltonian, S is the spin angular momentum and µS is the spin 
momentum. 
 
 All three types of spectra (isotropic, axial and rhombic) could be potentially 
observed in the powder EPR spectra of Cu(II) compounds. There are very few examples 
of isotropic EPR spectra due to the non-existence of strictly tetrahedral or octahedral 
geometry of Cu(II) compounds (as these geometries give isotropic spectra). However, 
isotropic spectra have been observed in K2PbCu(NO2)6, Cu(en)3SO4, Cu(ompa)3(ClO4)2 
where a dynamic or pseudo-rotational type of Jahn-Teller distortion caused this EPR 
behavior. Copper(II) complexes containing Cu(NH3)5
2+
 with lower than octahedral 
symmetry and Cudien2(NO3)2 with misaligned tetragonal axes also gave rise to isotropic 
spectra
55
. 
 
 The axial type of EPR spectrum for the Cu(II) compounds is much more 
common than isotropic spectra. Such spectra can be divided into two groups, the first 
one with a lowest value of g > 2.04. This is observed for the elongated tetrahedral-
octahedral, square-coplanar of square-based pyramidal symmetries (Cu(NH3)4(SCN)2, 
Na4Cu(NH3)4{Cu(S2O3)2}2.H2O, Cu(1,3pn)2SO4H2O). This type of spectrum has also 
been observed for the compounds with rhombic symmetry with misaligned tetragonal 
axis and rhombic symmetry with aligned axes but with a rhombic component so small 
that powder measurement is not sensitive enough to resolve
55
. 
  
 The second type of axial type of Cu(II) EPR spectrum, with lowest value of g < 
2.03 was observed for tetragonal-octahedral and trigonal-bipyramidal geometries 
(Ba2CuF6, Cu(NH3)2Ag(SCN)3.)  It is also observed for the rhombic geometry with 
misaligned axes and rhombic geometry where the rhombic component is too small to be 
resolved
55
.   
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 Axial spectra are most common for the powder EPR spectra of Cu(II) complexes 
because the most common geometry for Cu(II) is distorted tetrahedral. Axial spectra, 
exhibit a strong absorption to higher field at g⊥ and weak absorption to lower field at g║. 
The hyperfine splitting, A⊥, from the nuclear moment of the Cu
2+
 at g⊥ is too small to 
determine. The hyperfine splitting A║, arising from the nuclear magnetic moment of the 
Cu
2+
 at g║, is usually much greater, typically in the range of 15 to 25 x 10
-4
 cm
-1
 and 
four features at g║ are often resolved.
56,69
 
 
Ligand field theory predicts that tetragonal Cu(II) will give rise to the EPR 
signal with g║ > g┴ > 2 (Table 1.12). The copper nucleus, possessing a spin of 3/2, 
couples to the unpaired electron and produces a four line hyperfine splitting which is 
quite evident in the g║ region but often unresolved in the g┴ region (Figure 1.20). 
4
 
g
II
g
 
Figure 1.20 X-band tetragonal Cu(II) powder pattern EPR spectrum I = 0; I = 3/2. 
 
 
  
5
0
 
 gǁ  g┴ Aǁ  A┴ 
CuSO4
69
 2.413 2.074 15.1 G  
Cu(NO3)2
69
 2.382 2.068 15.5 G  
Cu-monoethanolamine 
frozen solution
69
 
2.263 2.062 18.3 G  
Cu(II)-
acetophenonoxime
64
 
2.165 2.053   
Table 1.12 Parameters of the axial EPR powder spectra of Cu compounds. A┴ was not reported as it wasn’t resolved in the EPR 
spectra. 
 51 
  
The g-value of the Cu(II) complexes in distorted octahedral coordination is 
mostly influenced by the four atoms in the plane and very little by the other two atoms, 
in the elongated axial positions
56
 . 
 
Rhombic spectra with the lowest g > 2.04 for Cu(II) compounds are observed 
for elongated rhombic symmetry: elongated rhombic-tetrahedral, rhombic square-
coplanar and distorted square-based pyramidal (Ba2Cu(HCO2)6.4H2O, Cu(3-Me acac)2, 
[Cu(1,3pn)2.H2O]SO4). This type of spectrum was also observed for elongated axial 
symmetry with misaligned axes
55
.   
 
 Rhombic spectra (Table 1.13) with the lowest g-factors,  < 2.03, are 
characteristic of compressed rhombic symmetry: compressed rhombic-octahedral, cis-
distorted octahedral and distorted trigonal-bipyramidal ((NH4)2Cu(NH3)2(CrO4)2, 
[Cu(bipy)2(ONO)]NO3, [Cu(bipy)2I]I. This is also observed for compressed axial or 
rhombic symmetry with misalignment of axes (Cu(methoxyacetate)2.2H2O 
55
.  
 
 Hathaway and Billig used a G parameter to distinguish between axial and 
rhombic symmetry, both of which in certain cases can give rise to and axial type of EPR 
spectrum. This parameter is defined as   
G = 
g║-2
g⊥-2
                     1.21 
G was found to be larger than 4 for axial spectra and smaller than 4 for rhombic EPR 
spectra
55
. This was later used to determine the symmetry of copper amine complexes by 
Zhang
69
. 
 
 The spectra of the tbp copper complexes with N only donor tripodal ligands 
show a completely different trend from tetragonal complexes: g┴  > g║;  A┴  > Aǁ ; 
resolution of EPR signals in the g┴ region is much better than those of the g║ region
70
. 
  
5
2
 
 gxx gyy gzz Axx Ayy Azz 
Bis(N-isopropylsalicylaldiminato) Cu(II)
71
 2.188 2.166 2.050 NR   
Bis(N-t-butylsalicylaldiminato) Cu(II)
71
 2.218 2.146 2.051 NR   
Bis(N-n-butylsalicylaldiminato) Cu(II)
71
 2.156 2.072 2.042 NR   
[Cu(NS3Me)Br]ClO4
70
 2.17 2.04 1.97 109 G 93.9 G 136 G 
Cu(NS3Me)NCS]ClO4
70
 2.35 2.05 2.01 145 G 24.3 G 56.8 G 
[Cu(N2S2bz)Cl]PF6
70
 2.20 2.18 2.04 109 G 102 G NR 
[Mo3CuS4]
4+
 1.923 1.940 1.948 69.6 G 32.1 G 28.6 G 
Table 1.13 Parameters of the rhombic powder EPR spectra of Cu compounds. (NR = not reported) 
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 When Cu
2+
 is ligated to another nuclei with I ≠ 0, such as 14N, 15N and 19F in 
copper proteins, superhyperfine splitting can be also observed
56
. Chenah observed this 
splitting from 
14
N in the EPR spectrum of powder Cu(II)-acetophenonoxime
64
. 
 
 g-factors of Cu
2+
 can vary depending on the type of ligand attached to the metal 
and the environment. Lorentzian type lines were observed for Cu
2+
 in the Cu-doped 
GeS with g = 2.0033.
72
  
 
 The physical environment of the EPR active Cu compounds has also been 
shown to have an influence on the spectra observed. Cu
2+
-acetophenonoxime has an 
anisotropic axial spectrum in powder form. In solution, the spectrum is isotropic with a 
lower g-factor and hyperfine splitting can be observed. However, in a vitrous state, the 
same compound has an EPR spectrum with such poor hyperfine resolution that 
Hamiltonian parameters cannot be specified.
64
 
 
 As described earlier (sections 1.4.4.2 and 1.4.4.3), in the solution samples of 
Cu(II) compounds (not including frozen solutions which behave like powders in EPR), 
only one value of g-factor and hyperfine splitting is observed. 
 
 The nature of solvent has a little influence on the g-factor as well as hyperfine 
splitting values, A. This is most likely related to the interaction between the studied 
compound and the solvent, as these changes have been very small for salicylaldiminato 
Cu(II) complexes by Voronkova (Table 1.14)
71
. 
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 g A 
Bis(N-isopropylsalicylaldiminato) Cu(II)
71
 
Toluene: 2.120 
Pyridine: 2.125 
Toluene: 71 G 
Pyridine: 67 G 
Bis(N-t-butylsalicylaldiminato) Cu(II)
71
 
Toluene: 2.140 
Pyridine: 2.141 
Toluene: 54 G 
Pyridine: 52 G 
Bis(N-n-butylsalicylaldiminato) Cu(II)
71
 
Toluene: 2.113 
Pyridine: 2.124 
Toluene: 84 G 
Pyridine: 73 G 
Cu(II)-phenonoxime
64
 2.097 90 G 
Table 1.14 EPR parameters of the EPR spectra of Cu(II) compound in the solutions. 
 
1.4.4.11. Sulfur EPR 
 
 Paramagnetic sulfur has been observed in solid (crystals
73
, polycrystalline, 
amorphous
74
 and polymeric state) as well as in solution
75,76
.  
  
 The amorphous sulfur after UV irradiation provided an anisotropic EPR 
spectrum, composed from two signals. The EPR parameters of these two signals varied 
in the value of the gzz factor only and were characterized as the trans and cis 
configurations of the –(S)n-S* chains
74
. The value of parameters found in this study is 
comparable to the parameters found in other studies of the S3
-
 radical
77
 (Table 1.15).   
 
Zdravkova also observed the formation of two signals due to sulfur radicals 
formed in the UV-irradiated samples of phosphorodithioates. This was assigned to the 
possibility of partial destruction of the S-S bond, giving rise to the thio radicals (S-S 
destructed) and dithioradicals (S-S not destructed). 
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Sample gxx gyy gzz 
Cis –(S)n-S*
74
 2.0016 2.0254 2.0518 
Trans –(S)n-S*
74
 2.0016 2.0238 2.0405 
S3
-
 in Na2S6 
76
 2.0029 2.0235 2.0488 
S3
-
 in NaCl
77
 2.0014 2.0308 2.0465 
S3
-
 in KCl
77
 2.0026 2.0319 2.0499 
S3
-
 in KBr
77
 2.0004 2.0327 2.0508 
S3
-
 in NaBr
77
 2.0003 2.0348 2.0500 
(MeO)2P(S)SNH4 
78
 1.9877 2.0142 2.0278 
(EtO)2P(S)SNH4
78
 1.9980 2.0242 2.0405 
[(EtO)2P(S)S]2 
78
 2.0024 2.0259 2.041 
[(PrO)2P(S)S]2 
78
 2.0005 2.0245 2.0395 
[(PrO)2P(S)S]2 
78
 2.0022 2.0251 2.039 
Table 1.15 EPR parameters of the sulfur species in powder type of spectra. 
 
 In addition to the anisotropic signal of S3
-
 observed in the irradiated sample of 
Na2S6 by Gobeltz, another, isotropic signal was observed as well. As its value, g = 
2.0280 corresponds to the average value (g = 
gxx+gyy+gzz
3
) of the anisotropic signal, it was 
concluded that the isotropic signal is also due to S3
-
 species, but in the liquid phase. 
Thus powder and solution type of spectra were observed simultaneously in the system
76
.  
 
 The calculation of the EPR parameters of alkylsulide radicals and ions showed 
that the monosulfide species has higher values of gzz than the disulfide species but gxx 
values are same in all the species. Results are summarized in Table 1.16.  
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Sample gxx gyy gzz 
CH3-S*
79
 2.002 2.017 2.428 
CH3-S*H
79
 2.002 2.018 2.277 
CH3-SS*
79
 2.002 2.028 2.063 
CH3-S*S-CH3
+
 
trans
79
 
2.002 2.017 2.047 
CH3-S*S-CH3
+
 cis
79
 2.002 2.020 2.031 
CH3-S*S-CH3
-
 
trans
79
 
2.002 2.009 2.028 
CH3-S*S-CH3
-
 
trans
79
 
2.002 2.021 2.023 
Table 1.16 Calculated g-factors for the sulfur radicals and sulfur ion species. 
 
 In solution phase, as expected, an isotropic signal is observed for the sulfur 
radicals. It is noticeable that S3
-
 and S4
-
 radicals from Li2Sn species have very different 
linewidths (Table 1.17). Levillain assigned this to the differences of the chemical 
exchange of these radicals with their dimers
75
. 
 
Sample g linewidth 
S3
-
 in Na2S6 
76
 2.0280 NR 
S3
-
 in Li2Sn in DMF
75
 2.0290 115.8 G 
S4
-
 in Li2Sn in DMF
75
 2.031 15.6 G 
Table 1.17 EPR parameters of sulfur radicals in solution. 
 
The hyperfine splitting from the sulfur radicals is difficult to observe because its 
only isotope with I ≠ 0 (I = 3/2), 33S has a very low natural abundance, 0.76 %. 
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1.4.5. X-Ray Absorption Spectroscopy (EXAFS) 
 
1.4.5.1. Introduction to EXAFS 
 
An atom contains electrons divided into shells. The number of shells depends on 
the number of electrons in an atom, which is specific for each element of the Periodic 
Table. Depending on the position of the electron in a specific shell of an atom, the 
binding energy of the electron is different. The 1s orbital (first shell, closest to the 
nucleus of an atom) is by convention called the K shell. The second shell containing 2s 
and 2p orbitals is called the L shell. The third shell (3s, 3p orbitals) is the M shell, etc. 
 
 The x-ray absorption spectrum can be obtained because of the atom’s ability to 
absorb x-rays. For this purpose, the energy of the x-ray used has to be larger than the 
binding energy of the specific electron in the atom studied. In this case, the electron is 
ejected from the atom (Figure 1.21). This photoelectron interacts with the electrons of 
surrounding non-excited atoms (backscatterers). If the energy of the x-ray is scanned 
from just below to just above the binding energy of the electron in the atom, a rapid rise 
in the extent of absorption is observed, referred to as an “edge”. This part of the 
spectrum is called the X-Ray Absorption Near-Edge Spectrum (XANES), see Figure 
1.22. As the energy of the x-ray used is increased further, the spectrum displays 
undulations. This is the Extended X-ray Absorption Fine Structure (EXAFS) part of the 
spectrum; this provides structural information about the molecule studied. 
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Figure 1.21 Interaction of x-ray and atom. 
 
 The XANES part is usually considered to be from 20 eV below to 30 eV above 
the edge and the EXAFS beyond 30 eV above the edge (Figure 1.22).  
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Figure 1.22 Parts of the X-ray absorption spectrum. 
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The energy (E0) required to eject the electron from the atom differs for the 
electrons present in the same atom (largest energy for the core electrons) and also 
differs for different atoms (increases with increasing atomic mass). This is caused by 
the variable binding energy of an electron within an atom. The energy of the edge is 
specific for every element and every orbital in that element. Within the same atom, 
greater energy will be needed to study an electron in the lower energy level (K edge 
needs higher energy than L edge) because of its closer proximity and greater attraction 
to the positive nucleus. 
 
1.4.5.2. Near - edge Spectra and their Analysis 
 
The characteristic position of the edge in the X-ray tables
80
 was determined for 
standard samples which are pure elements. In compounds of the same element, the edge 
of the spectrum is found at a slightly different energy. This shift is caused mainly by 
different oxidation states of the element of interest in the sample and is usually in the 
order of few eV (see sections 1.4.5.6 and 1.4.5.7 for a more detailed discussion). 
  
 Sometimes, we can also observe pre-edge features in the near-edge spectra. 
These bumps that appear on the spectrum before the edge represent the transition of the 
electron to excited bound states. These features can also help in the determination of the 
structure around the element of interest. They can be specific for the geometry of the 
absorbing atom or the type of neighboring atoms (sections 1.4.5.6 and 1.4.5.7). 
 
 The near edge and the pre-edge features are also important in the analysis of 
mixtures. Two techniques have been developed for this purpose. Linear combination 
analysis (LCA) can be used for analyzing a single spectrum of a mixture. For a mixture 
under investigation, the library (or set) of the near-edge reference spectra of all the 
compounds present in this mixture have to be available. During the analysis, the relative 
proportions of the reference compounds in the mixture are found by fitting them to the 
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unknown spectrum. LCA gives the best results if the reference spectra (the components 
of the unknown mixture) are very different. LCA was used to determine the organic 
sulfur species present in the marine sediments and humic substances
81
.  
 
 Another method used to analyze near-edge spectra of unknown species is 
principal component analysis (PCA). PCA can be applied only to extended data sets (a 
single spectrum is insufficient). The number and the spectral characteristics of the 
principal components (species) can be determined without an explicit database. Two 
requirements for PCA are: the number of species present must be smaller than the 
number of sample spectra, and the species composition of these samples must vary. 
More details on PCA can be found in Factor Analysis in Chemistry by Malinowski and 
Howery
82
. 
 
 PCA and LCA have been used to identify components in complex mixtures 
where the presence of a large number of compounds is likely. A combination of the two 
methods has been used in the study of sulfur K XANES spectra of humic acid
83
, Cu K 
XANES spectra of Cu-humate-goethite
84
 speciation and Zn speciation in soil
85
.  
 
1.4.5.3. Origin of the EXAFS  
 
 When the energy of the x-ray is just below the binding energy of the electron, its 
transition to bound states can be observed as the pre-edge in the EXAFS spectrum. An 
increase of the x-ray energy to the same value as the binding energy of this electron 
results in absorption of an x-ray photon by the electron and its transition to the unbound 
state. This is observed by a strong increase of the absorbance in the EXAFS spectrum, 
which is called an absorption edge. 
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 When the energy of x-rays increases further it becomes larger than the bonding 
energy of the electron. The excess of the absorbed energy is used as kinetic energy, 
where the electron (now called a photoelectron) is ejected from an atom and interacts 
with other neighboring atoms. The neighboring atom scatters the photoelectron back 
and therefore is called a backscatterer, as shown in Figure 1.23. 
 
Absorber
Backscatterer
x-ray
 
Figure 1.23 Backscattering of an electron from the neighboring atom. 
 
 The absorption of an X-ray radiation and the ejection of the electron from an 
atom give rise to the outgoing wave and the wave which has been backscattered by 
other atoms. When these two waves are in phase, the absorption shows a maximum 
called constructive interference. When they are out of phase, the absorption shows a 
minimum, destructive interference. The interference of these two types of waves gives 
rise to a sinusoidal variation of μ vs.E (Figure 1.24) which is known as the EXAFS, 
where µ(E) is the absorption coefficient.
86
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Figure 1.24 Origin of the EXAFS spectrum. 
 
 The EXAFS is determined by the structure of the studied compound. Upon 
analysis, it provides the type and the number of the backscatter atoms. It also provides 
the geometry, the coordination number of the absorber and the bond distances and bond 
angles between the absorber and the backscatterers. For EXAFS measurements, it is 
necessary to have a pure compound because the analysis of the mixtures is problematic. 
 
The frequency of the EXAFS oscillations depends on the distance between 
absorber and backscatterer atoms. The amplitude of the oscillations depends on the 
nature of the backscatterers. The heavier the atom, the larger the amplitude. The 
amplitude also depends on the number of the atoms of a particular backscatterer. The 
more backscattering atoms of the same type, the larger the amplitude of the EXAFS 
oscillations for that particular backscatterer.    
 
The EXAFS fine structure χ(E) can be described by the equation  
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χ(E)  =  
μ E −μ0 E 
µ0 E 
                    1.22  
 
where μ(E) is the measured absorption coefficient and represents the probability of the 
transitions between quantum states, μ0(E) is a smooth background function representing 
the absorption of an isolated atom. 
Usually x-ray energy is given in wave-numbers, k (in Å
-1
) 
k = 
2m E-E0 
ħ2
                               1.23 
or    
k = 0.262 E eV -E0 eV                     1.24 
where E0 is the absorption edge energy and m is the electron mass, ħ is the reduced 
Planck’s constant.  
 
The EXAFS equation is given by                                                                                                                                                                         
χ(k) = S0
2  
NiSi k fi k 
kRi
2i e
-2Ri λ k  e-2ζi
2
k
2
sin 2kRi+φi k +δc k               1.25                               
where Ni is the coordination number for atom type i,  
Ri is the absorber-backscatterer distance for atom type i,  
ζi
2
 is the mean-square deviation in Ri, the Debye-Waller factor,  
S0
2
 is the total amplitude reduction factor,  
Si(k) is the amplitude reduction function,  
λ(k) is the photoelectron mean free path function,  
fi(k) is the EXAFS amplitude function,  
φi(k) is the EXAFS backscatterer phase shift function and  
δc(k) is the EXAFS central atom (absorber) phase shift function. 
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These are explained in more detail below. 
The EXAFS equation has two main components: amplitude, 
S0
2  
NiSi k fi k 
kRi
2i e
-2Ri λ k  e-2ζi
2
k
2
  and phase, sin 2kRi+φi k +δc k   functions. Amplitude 
component has an amplitude function term, S0
2  
NiSi k fi k 
kRi
2i , mean free path term, 
e-2Ri λ k   and the Debye-Waller factor,  e-2ζi
2
k
2
. 
  
The coordination number, Ni, of a shell can be used as a scaling factor. With 
increasing Ni, an increase of the amplitude for the oscillation is observed. The 
interatomic distance, Ri, contributes to amplitude and phase: higher R increases the 
frequency and decreases the amplitude. S0
2
 is the overall scale factor; its value is usually 
close to unity. The Debye-Waller factor, ζi
2
, is a sum of vibrational and static 
contributions. It acts to damp out the amplitude at higher k. Lower temperature 
minimizes the Debye-Waller factor (since the vibrational contribution is temperature 
dependent). 
 
Ni, Ri and ζi are structural parameters extracted from EXAFS.  The accuracy in 
the determination of Ni is usually ± 25 %.
87-89
 This can cause inaccurate determination 
in the coordination number. Difficulty deciding between three and four for the Mo-S 
coordination number in DMSO reductase has been observed.
88
 
 
 Ri and ζi
2 
parameters are correlated, where ζi
2
 is an indicator of the variation in 
the Ri distances. 
87,88,90-92
 Reasonable values for ζi
2
 are between 0.0015 to 0.0080 Å
2
. Ri 
can usually be determined with an accuracy better than ± 0.02 Å. 
 
 
 
 65 
  
1.4.5.4. Transmission vs. Fluorescence 
 
 Several measurement techniques are used to obtain an X-ray absorption 
spectrum. The technique chosen depends on the physical state of the sample, on the 
concentration of the element of interest and on the desired information.  
 
 The most commonly used mode for collecting an EXAFS spectrum is 
transmission mode (Figure 1.25). The x-ray beam goes through the sample and its 
intensity is measured before and after using the ion chamber detector (more details on 
detectors can be found in the literature
80,93
).  The transmittance is then calculated from 
the ratio of the intensity of the beam transmitted through the sample (I) and the incident 
beam intensity (I0).  
T =  
I
I0
                      1.26 
                       
or as absorbance 
Abs = µx = log 
I0
I
                    1.27 
where µ is the absorption coefficient and x is the thickness of the sample. The 
absorption coefficient, which is a smooth function of energy, depends on the sample 
density, d, the atomic number, Z, atomic mass A and the x-ray energy E:  
μ≈
dZ4
AE3
                     1.28 
                  
Frequently, a reference sample is placed to receive the X-rays emerging from the 
analytical sample, and the intensity of the beam passing through this reference sample is 
also measured. This reference spectrum (of a metal foil, for example) is used for 
calibration purposes during the experiment or during data processing. 
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Figure 1.25 Characteristic setup of a transmission experiment.  
 
 The transmission (absorption) mode of measurement is used for thin solid 
samples with a high concentration of the element of interest. For transmission, the 
sample has to be homogeneous and free of pinholes to prevent leaking of the x-ray 
though holes. 
 
For thick samples or samples with a low concentration of the element of interest 
(ppm levels, solutions), the fluorescence mode for collecting the spectra is used (Figure 
1.26). More details on detectors can be found in the literature
80,93
. It is not suitable for 
concentrated samples, because the signal from the element of interest would be severely 
damped by self-absorption
94
. This method does not measure the background absorption 
due to other constituents and therefore improves the sensitivity
86
. Fluorescence yield is 
independent of the incident energy, but it is proportional to absorption. The absorption 
of an X-ray photon generates a core hole. Filling this core hole results in fluorescence 
radiation, the energy of which is characteristic of the absorbing element and is less than 
the energy of the original exciting radiation.
93
 In this mode, x-rays from the sample and 
collected by the detector can contain the fluorescence line of interest, fluorescence lines 
from other elements in the sample and elastically and inelastically scattered x-rays. This 
complicates the analysis of the spectra. A suitable energy dispersive detector (solid state 
detector) is chosen to eliminate the background signal. The fluorescent signal is emitted 
from the sample in all directions. The detector is usually placed 90° from the incident 
beam (45° from the sample). This minimizes the detection of the transmitted or 
reflected light.  
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Figure 1.26 Fluorescence experiment setup. Sample is at 45° to the incident beam, 
detector is at 90° in the horizontal plane. 
 
There are other more specialized EXAFS measurement methods that can be 
used; their specifications and descriptions can be found in the literature
86,93
. 
 
1.4.5.5. Analysis of EXAFS Data 
 
 The measured intensities are converted to µ(E). During this step, possible errors 
(self-absorption, detector dead-time) are corrected.  A smooth pre-edge function is then 
subtracted from µ(E) (equation 1.22).  
  
 The threshold energy E0 is identified. As this is hard to determine, different 
approaches are used. One is to set E0 as the lowest energy inflection point. It is not an 
accurate number; during processing and fitting the offset of the true value from the 
assumed value, defined as ΔE, is refined. The other, more commonly used method is to 
set E0 to an arbitrary energy above the absorption edge. 
  
 The µ(E) is normalized to go from 0 to 1. Then a smooth post-edge function 
(usually a spline) is removed from the data to approximate µ0(E).  
 
 After this initial processing, the EXAFS data are then transferred into k-space 
(equation 1.23), then k-weighted to enhance the higher k-regions and Fourier 
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transformed into R-space. Although the exact bond distances cannot be read from the 
FT data directly, the FT gives their approximate values. Accurate values are obtained 
from the fitting of the data (see below). 
 
From the fit, values of coordination numbers, Ni, interatomic distances, Ri, and 
Debye-Waller factors, ζi
2
 are obtained to provide structural information.  
 
 More details on the processing and fitting procedure are described in the 
Experimental section on EXAFS data analysis (section 2.10.3). 
  
1.4.5.6. Copper EXAFS 
 
 The position of the Cu K-edge in Cu foil has been found to be 8979 eV
80
. 
 
 The XANES of the Cu K-edge has been shown to be very important in the 
determination of the oxidation state, because of significant differences in both the 
position of the edge itself and in the pre-edge features. 
 
 An extensive study on the XANES of 40 Cu compounds was done by Kau
95
. All 
19 Cu(I) compounds studied displayed a low energy maximum in the range of 8983 - 
8986 eV that has been assigned to a 1s → 4p transition. The difference between the 
energy and the intensity of the pre-edge features is caused by the coordination number: 
the feature is less intense for the compounds with higher coordination number around 
Cu and has been shown to decrease from the 2-coordinate to 3-coordinate (8984 eV), 
being of the weakest intensity and highest energy (8985.5 eV) for 4-coordinate Cu(I) 
compounds (eg. [Cu(py)4]ClO4, Cu(tepa)BPh4, [Cu2(XYL-O-)]PF6). This transition 
within the same interval has also been observed by de Moen for the compounds of 
Cu2O and Cu(NH4)2
+
 at 8984 eV
96
.  
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 Sarode observed a shoulder in the near-edge spectrum at 8982.6 eV for the Cu(I) 
compounds which was assigned to the 1s → 4s transition as a characteristic feature for 
Cu(I) compounds such as CuFeS2, CuCl, CuBr and CuI.
97
 This feature has been 
observed at even lower energy: 8981.7 eV as characteristic of Cu(I) compounds by 
Hsiao
98
. The intensity of the characteristic peak for the 1s → 4s transition in Cu+ 
compounds was observed to be dependent on the coordination number. With the 
increasing coordination number, the normalized intensity of this peak decreased.
95
  
 
Since these pre-edge features characteristic of Cu(I) near-edge spectra are at 
lower energy than any pre-edge features characteristic of Cu(II) spectra (Table 1.19), 
they can be used in the determination of the presence of Cu(I). However, the absence of 
the pre-edge feature below 8985 eV does not necessarily mean the absence of Cu(I), as 
these features can appear at energy slightly higher than 8985 eV, as observed by Kau 
for samples with N4 and N3O ligation.
95
  
  
 Cu(II) compounds also have their specific pre-edge features. Berry attributed the 
shoulder on the main absorption edge of the Cu(II) spectra to the axial or tetragonal 
distortion which is characteristic for Cu(II)
99
. 21 compounds studied by Kau
95
 showed 
the presence of a low-energy tail between 8983 - 8985 eV but no pre-edge below 8985 
eV (as is characteristic for Cu(I)). The intensity of this tail was increased for compounds 
with S4 or S2N2 ligation around Cu(II), due to increased covalency of these bonds. 
 
 Peaks characteristic for Cu(II) compounds have always been observed at 
energies higher than 8985 eV (characteristic for Cu(I)) and therefore can be taken as 
indicative of the presence of Cu(II) in the measured sample.
95-97
 
 
 The most significant difference between the near-edge spectra of Cu in oxidation 
states I and II is the presence of the 1s → 3d transition. The peak corresponding to this 
transition is not observed for the Cu(I) compounds, due to their completely filled 3d 
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orbitals (d
10
 configuration). This transition, when present in the near-edge spectra, is 
characteristic for Cu(II) compounds  with 3d
9
 electronic configuration, but here has a 
low probability due to the almost full 3d shell with only one unpaired electron
96
 and 
therefore might be difficult to observe in the spectra.  
 
 Except for the 1s → 3d transition observed in Cu(II) spectra at 8977.3 - 8978.3 
eV, other two characteristic transitions in the near-edge spectra of the samples of X-Cu 
glucoronate (where X is Na, Ba or Mg) containing Cu(II) (confirmed by EPR spectra) 
were described by Sarode: 1s → 4s and 1s → 4p. The 1s → 4s transition was found at 
energies of 8985 - 8987 eV for Cu-glucoronate molecules
97
. It has been observed in 
other Cu(II) compounds and found to be intense for the symmetrical tetrahedral 
environment, especially for Cu(II) surrounded by four sulfur atoms.  
 
The last mentioned transition in Cu(II) near-edge spectra is the 1s → 4p 
transition, with the average value being 8996.5 eV, as reported by Sarode for several 
inorganic copper salts
97
. For CuO, this transition was found at 8995.6 eV by Sarode, 
which is close to that found for the other previously mentioned compounds, but 
Nicholson reported this transition at lower energy: 8991 eV for the same compound.
100
 
 
 For the Ba2Cu2O5 sample containing Cu
3+
, a pre-edge transition 1s → 3d has 
been observed at 8985 eV and the 1s → 4s transition at 8995 eV, which is significantly 
higher (10 eV) than for Cu
2+
.
97
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 Transition energies 
 1s → 3d 1s → 4s 1s → 4p 
Cu
+
 No 8982.6-8984 eV  
Cu
2+
 8977.3-8979 eV 8985-8991 eV 8996.5 eV 
Cu
3+
 8985 eV 8995 eV  
Table 1.19. Characteristic transition energies for different oxidation states of Cu. 
95-97,99
 
 
 Hsiao attributed the position of the near-edge spectra of the Cu(II) samples to 
the geometry. The edge at 8983.7 eV is characteristic of square planar symmetry; in 
octahedral symmetry, Cu(II) has an edge at 8987.8 eV
98
. 
   
Cu has been studied by EXAFS in many different compounds, mainly because 
of its biological importance. The main goal is to determine the bond distances and the 
coordination number of Cu interaction with neighboring atoms (backscatterers) where 
X-ray diffraction measurement cannot be used due to the physical nature of the samples 
(non-crystalline, solutions). 
 
It was found that the bond distance between Cu and the neighboring atom 
(backscatterer) increases with the size of this atom (atomic mass); for example, Cu-S is 
longer than Cu-O (Table 1.18 and Table 1.19).  
 
From several studies, typical Cu-O bond distances were found. De Moen found 
this distance to be 1.85 Å for the Cu2O unit in copper(I) oxide containing a Cu(I) atom 
coordinated by 2 O atoms
96
. For Cu(II) coordinated by four O atoms, this distance was 
found by Sarode to be the same or slightly longer in several molecules, 1.85 – 2.0 Å 
(Table 1.18).  Much larger Cu(II)-O distances were found in CuO and Cu(OH)2, 2.63 
and 2.78 Å, respectively, in the study by Nicholson (coordination numbers not 
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specified)
100
. Based on these examples, it appears that both the oxidation state of Cu and 
the coordination number can influence the Cu-O distance. The nature of the ligand 
attached to the Cu has also significant influence on the Cu-O bond lengths. This 
distance has a range of values for the same oxidation state of copper and the same 
coordination number of oxygen attached to copper (Table 1.18).  
 
N Distance (Å) Compound 
Cu(II)-O distance 
4.2 2.0 CuSO4.5H2O 
97
 
4.1 1.96 Cu acetylacetonate
97
 
4.2 1.85 Cu phthalocyanine
97
 
4.1 1.99 NaCu glucoronate
97
 
4.2 1.96 BaCu glucoronate
97
 
4.1 1.95 MgCu glucoronate
97
 
4.2 1.969 Cu acetate monohydrate
97
 
4.1 1.94 Cu benzoate trihydrate
97
 
3.9 1.946 Cu citrate dihydrate
97
 
4.1 1.92 Cu salicylate tetrahydrate
97
 
2.0 1.941 Cu(OH)2 
100
 
2.0 1.940 CuO 
100
 
Cu(I) –O distance 
2 1.85 Cu2O 
96
 
Table 1.18 Characteristic distances of Cu-O bonds found from EXAFS measurements. 
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The uncertainty in the determination of the coordination numbers in EXAFS 
was discussed earlier in section 1.4.5.3. To more accurately determine the coordination 
number of Cu, George used Cu-S bond lengths found from EXAFS spectra. It was 
noticed that with increasing coordination number of the Cu-S bond the bond distance 
increases slightly (Table 1.19). An increase from 2.17 Å for two-coordinate Cu to 2.33 
Å for four-coordinated Cu was observed. The distance found in the Cu-S-Mo complexes 
study was found to be between the distances characteristic for three and four 
coordinated structures.
101
  
 
N Distance (Å) Compound 
Cu-S 
3 – 3.5 2.28 Cu-S-Mo 
Cu(I)-S 
2 2.17 Cu-S-Mo clusters 
3 2.26 Cu-S-Mo clusters 
Table 1.19 Characteristic distances of Cu-S bonds found from EXAFS 
measurements
101
. 
 
The same dependence of the bond distance on the coordination environment was 
also suggested by Kau for Cu-N bonding
95
. In his study, the characteristic distance for 
the two-coordinate structure has a bond distance of Cu(I)-N of 1.90 - 1.92 Å. In the 
Cu(pze)BF4 compound with Cu(I) and N2O ligation, the shorter Cu(I)-N bond distance 
of 1.87 Å suggested that the structure being closer to two-coordinate than three-
coordinate (Table 1.20).
95
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N Distance (Å) Compound 
3-coordinate 1.90-1.92 
T-shaped: 
N2S, N2O, N3 ligation
95
 
3-coordinate, close to 2-
coordinate 
1.87 N2O coordination 
95
 
Table 1.20 Characteristic distances of Cu(I)-N bonds found from EXAFS 
measurements. 
 
In addition to atom directly bonded, it is possible to see other atoms which are 
further out (bonded or not) by EXAFS. This was the case of Cu…Mo interaction where 
Cu and Mo are bridged by sulfur atoms in the copper-thiomolybdate complex (Table 
1.21). This distance has been determined by George to be 2.70 Å
101
.  
 
Further, distance between atoms in two separate molecules could be determined 
from EXAFS spectra. In the Sarode’s study, the Cu…Cu interaction distance for the 
four studied Cu compounds was found to increase with the increasing size of the ligand 
bound to Cu from 2.614 Å for copper acetate to 3.728 Å for Cu salicylate (Table 
1.21).
97
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N Distance (Å) Compound 
Cu(II)…Cu(II) 
1 2.614 Cu acetate monohydrate
97
 
1 3.15 Cu benzoate trihydrate
97
 
1 3.242 Cu citrate dihydrate
97
 
1 3.728 Cu salicylate tetrahydrate
97
 
Cu(I)…Mo 
1 2.70 Cu-S-Mo 
101
 
Table 1.21 Characteristic distances of Cu…Cu and Cu…Mo interactions found from 
EXAFS measurements and calculations.  
 
1.4.5.7. Molybdenum EXAFS 
 
 The Mo K-edge of Mo foil is observed at an energy of 20000 eV
80
.   
 
Similarly to the Cu K-edge (section 1.4.5.6), the exact position of the Mo K-
edge depends on the oxidation state of Mo in the studied species. George observed a 2 
eV increase of the position of the edge per unit of increase of the oxidation state for 
Mo(IV) to Mo(VI)
87
. The shift of the edge position was seen to be larger for the Mo(II) 
to Mo(III) than from Mo(IV) to Mo(V)
102
. Butler observed the shift in the edge spectra 
from 20011 to 20008 eV for nitrate reductase upon its reduction with dithionite as it 
was reduced from Mo(VI) to Mo(V) and to Mo(IV).
103
 
 
It is, however, not only the oxidation state that influences the position of the 
absorption edge. In a study of the EXAFS spectra dependence of the xanthine oxidase 
on the pH of the solution, Doonan found that changes in coordination geometry and/or 
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the nature of the metal-ligand bonding have influence on the position of the edge
104
.  In 
molybdenum monodithiolene complexes Jalilehvand observed that the substitution of 
thiolate by a more electronegative ligand resulted in the shift of the edge position by 
~1.2 eV without the change of the oxidation state of Mo.
91
 The effect of the 
electronegativity of the ligand on the edge position was also observed in 
bis(dithiolene)molybdenum by Musgrave.
105
 
 
 In the near-edge spectra of the compounds containing an Mo=O bond a pre-edge 
feature is observed. Kutzler determined this to be due to a 1s → 4d bound-state 
transition to antibonding orbitals directed along Mo=O bonds
106
. The presence of a 
Mo=O transition is not specific of the oxidation state of Mo present, as it was observed 
for Mo(IV), Mo(V) and Mo(VI) 
87
. It was observed in DMSO reductase
88
, sulfite 
oxidase and desulfo xanthine oxidase near-edge spectra by George (the latter two 
known to contain dioxo Mo active sites)
107
. Although this pre-edge feature is usually 
called the oxo-feature, to a lesser extent it can also be observed in the spectra of the 
samples containing Mo=S groups, such as samples with tetrahedral MoS4
2-
 
90,108
.  The 
intensity of this pre-edge feature provides information of the number of O or S 
substituents attached to Mo.
107
 
 
However, in the study on molybdenum oxides catalysts, de Boer did not observe 
this pre-edge feature in his sample even if the EXAFS analysis showed the presence of 
O and S attached to Mo. He concluded that this pre-edge feature is characteristic for a 
tetrahedral environment
90
 (rather than the presence of O or S backscatterers). But 
Jalilehvand observed this feature in the near-edge spectra of molybdenum 
monodithiolene complexes which possess several Mo=O groups, but their geometry 
was crystallographically determined as square pyramidal and not tetrahedral.
91
 
 
 In a study of Mo in aqueous solution, Cramer determined by EXAFS analysis 
the bond distances between Mo-Mo for different oxidation states (Table 1.22). This 
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distance increases with increasing oxidation state of Mo.
102
 For every oxidation state, 
the Mo-Mo distance (Table 1.22) is longer than any Mo-O distance (Table 1.23). 
 
Bond 
Coordination 
number 
Distance (Å) Compound 
Mo(II)-Mo(II) 1 2.12 Mo(II) aqueous 
102
 
Mo(III)-Mo(III) 1 2.54 Mo(III) aqueous 
102
 
Mo(IV)-Mo(IV) 2 2.49 Mo(IV) aqueous 
102
 
Mo(V)-Mo(V) 1 2.56 Mo(V) aqueous 
102
 
Table 1.22 Characteristic distances of Mo-Mo interactions found from EXAFS 
measurements. 
 
 Because Mo is a relatively heavy element (Z = 42) and therefore a good 
backscatterer, the Mo-Mo bond gives a very visible, and in many examples dominant, 
peak in the FT of the EXAFS spectra
89
. However, this might not be the case for a 
different type of heavy backscatterer: the Mo-As interaction has been found to be small 
in xanthine oxidase with As due to long distance, large Debye-Waller factor, negative 
interference from another component or a combination of these features
109
.  
 
 The Mo-O distances for various Mo oxidation states in solution have been 
studied by Cramer. It was found that this distance decreases with increasing oxidation 
state of the Mo (Table 1.22)
102
.  
 
The Mo-O distance found by EXAFS fitting can determine the nature of the 
oxygen atom bound to Mo. Cramer found two different Mo-O bond distances in Mo(V) 
species in the solution and therefore determined the presence of both bridging and 
terminal oxygen atoms (Table 1.23).
102
 This can be applied to other bonds as well; in 
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compounds with the tetrahedral unit MoS4
2-
, bridging S was found at the distances of 
2.21 - 2.26 Å and terminal S at 2.15 - 2.17 Å from Mo
108
. 
 
Bond 
Coordination 
number 
Distance (Å) Compound 
Mo(II)-O 4 2.14 Mo(II) aqueous 
102
 
Mo(III)-O 3 2.06-2.20 Mo(III) aqueous 
102
 
Mo(IV)-O 2 1.88-2.04 Mo(IV) aqueous 
102
 
Mo(IV)=O 2 1.69
87
 
monooxo Mo 
compounds 
Mo(V)-O 2 1.68-1.93
87,102
 Mo(V) aqueous 
Mo(V)-O bridging 2 1.93 Mo(V) aqueous 
102
 
Mo(V)-O terminal 1 1.68 Mo(V) aqueous 
102
 
Mo(VI)-O 1 1.69 
Mo monodithiolene 
complexes
91
 
Table 1.23 Characteristic distances of Mo-O bonds found from EXAFS measurements. 
 
It is also evident that with increasing atomic number of the substituent, the bond 
distance of the bond between Mo and this substituent increases. Bond distances for Mo-
S are longer than Mo-O, Mo-Mo are longer than Mo-S. George observed longer bond 
distances for Mo-Se than  Mo-S in a study of  formate dehydrogenase (Table 1.24)
107
. 
 
In the investigation of several Mo compounds, Cramer had difficulties in 
accurately determining Mo-N and Mo-S distances in Mo(C6H4NHS)3 because of the 
overlap of their peaks. However there were other samples in which this wasn’t a 
problem and the two peaks were clearly resolved
89
.    
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Bond N Distance (Å) Compound 
Mo-S 4 2.24 Cu-TM4 
101
 
Mo-S 4 2.41 
Mo monodithiolene 
complexes 
91
 
Mo-S 3 2.349 Mo-Fe-S clusters
110
 
Mo-Fe 3 2.684 Mo-Fe-S clusters
110
 
Mo-Se 1 2.601-2.628 
Formate 
dehydrogenase
107
 
Mo…Cu 3 2.70 Cu-TM4101 
Table 1.24 Characteristic distances of Mo-S, Mo-Fe bonds and Mo…Cu interaction 
found from EXAFS measurements. 
 
 The determination of the Mo-N and Mo-O distances present in MoO3dien was 
found by Cramer to be difficult
89
. Problems in distinguishing between S and Cl ligands 
bound to Mo were also observed in the EXAFS spectra of molybdenum monodithiolene 
complexes studied by Jalilehvand.
91
 This is caused not only by the similar bond 
distances but also by the similar atomic numbers of N and O. Their EXAFS phase and 
amplitude functions are also very similar
91,101,107
. 
 
1.4.5.8. Sulfur XANES 
 
 Similarly to the two previous elements discussed, the position of the S K-edge 
also depends on the oxidation state of the sulfur (Table 1.25). With increasing oxidation 
state on sulfur, the edge shifts to the higher energy, being lowest for S
2-
 and highest for 
S
6+
. Near-edge spectra can also be complicated by the presence of sulfur atoms with 
different oxidation numbers within the same compound.  Using model compounds and 
LCA (described in section 1.4.5.2), the amount of different sulfur compounds in 
mixtures can be determined.
111-114
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Compound Near Edge Position, eV Oxidation state 
FeS 2470.2 -2 
S 2472.5 0 
Na2S2O3 2472.0 -1 
 2481.2 +5 
Na2S4O6 2473.4 0 
 2482.1 +5 
Na2SO4 2482.5 +6 
Table 1.25 Edge position of the spectra of inorganic sulfur model compounds.
112
 
 
1.5. Copper deficiency in ruminants and copper-thiomolybdate interaction 
 
1.5.1. Digestion in ruminants 
 
 Ruminants have developed a sophisticated digestive system to accommodate 
their nutritional requirements.  
 
 The digestion of the feed starts in the oral cavity, which contains the tongue, 
salivary glands, pharynx and larynx and the teeth and masticatory apparatus. There are 
several types of salivary glands, some producing a large amount of saliva, some minor 
amounts. Saliva from the glands drains into the oral cavity via ducts. It can be serous 
(thin saliva which contains lot of protein), mucous (thick saliva rich in glycoprotein and 
mucin), or mixed saliva containing both types.  
 
The exact amount of saliva produced depends on the feed type and feeding 
habits. Cattle on alfalfa forage can produce up to 180 L of saliva per day. Dry matter 
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comprises 1.0-1.4 % of saliva, ash content is 0.7-1.5 %. Major inorganic components of 
the saliva are Na, P, and CO2; Cl and K are found in slightly lower amounts and small 
amounts of Ca and Mg can also be determined. The amounts of S and N in saliva are 
variable.  
 
The main function of saliva is to help in mastication and swallowing because 
dry food would be hard to ingest. Buffering action is also very important, thanks to the 
bicarbonate and phosphate as the most prevalent anions. Mixed saliva is a weak buffer 
above pH 7.8 and below 5.5, thus saliva is well buffered against acid and poorly against 
alkali. Salivary buffers act as a first line of defense to buffer the rumen against acids 
(volatile fatty acids, see below). 
 
There are other properties of saliva:  
1. anti-frothing, for prevention or reduction in severity of rumen bloat;  
2. helps to maintain a desirable physio-chemical environment for microbial 
fermentation (70 % of water entering rumen comes from saliva);  
3. various ions present in saliva help to maintain a stable osmotic pressure.7 
 
 After digestion of the feed is initialized in the mouth, it is transported through 
the esophagus (the connective tube between the pharynx and the rumino-reticulum) to 
the stomach. The ruminant stomach contains four compartments: the reticulum, rumen, 
omasum and abomasum.  
 
The main function of the forestomach (reticulum, rumen, omasum) is to store 
and delay the passage of ingested food. The biggest of all four compartments is the 
rumen, whose volume is usually 60-80 L for cattle, but which can reach up to 100 L for 
larger breeds. The rumen represents an open and continuous ecosystem with a constant 
supply of substrate (feed). Soluble material can be easily absorbed here, and larger and 
insoluble particles undergo fermentation and degradation to produce smaller particles.  
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The rumen has a large microbial population which carries out the fermentation 
processes. The oxygen level is very low here and most organisms are therefore 
anaerobic. Besides microbial organisms, the rumen also contains different types of 
bacteria, protozoa and other minor microorganism (anaerobic fungi, mycoplasmas, 
bacteriophages). The rumen temperature is usually 38 - 42 °C and the pH between 5.5 
and 7.2, conditions appropriate for the actions of the microorganisms. Rumen gas 
typically contains 65 % CO2, 27 % CH4, 7 % N2, 0.6 % O2, 0.2 % H2 and 0.01 % H2S. 
7
 
  
 The redox potential in the rumen is between -250 and -450 mV with the virtual 
absence of O2 and an excess of reducing power. Microbes present in the rumen together 
with its reducing power reduce CO2 to CH4, sulfates to sulfide and nitrates to ammonia. 
Unsaturated fatty acids are saturated under anaerobic conditions.  
 
The Volatile Fatty Acids (VFAs, acetic, propanoic, butyric and higher fatty 
acids) which are produced under these conditions are the main source of energy for the 
animal. They are produced by specific microbial pathways and absorbed continually 
from the rumen, most rapidly in the non-dissociated form. Some VFAs leave the rumen 
with digesta flowing to the gastro-intestinal tract and are absorbed from the omasum 
and abomasum. Their continuous removal is important in maintaining a stable ruminal 
pH. A large amount of ammonia is produced by the degradation of dietary protein, and 
the hydrolysis and turnover and degradation of microbial cells. Ammonia is a good 
source of nitrogen for amino acid biosynthesis by rumen microbes. Ammonia not used 
by microbes is absorbed directly through the rumen wall
7
.  
 
 After leaving the stomach, the digesta goes thought the intestines (small and 
large) before being excreted. Glucose, lipids and long-chain fatty acids are digested and 
absorbed from the small intestine (although some minor digestion can occur in the 
stomach). Pancreatic and intestinal secretions containing hydrolyzing enzymes help the 
digestion in the small intestine. Undigested food is then excreted through feces
7
. 
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1.5.2. Sulfur and animals 
  
 Sulfur is an essential nutrient for plants and microbes to synthesize sulfur-
containing amino acids. Rather than the requirement of sulfur for animals, the molar 
ratio of S:N is important. This should be in the range of 0.046 – 0.067. The highest 
value is the same as the S:N ratio found in animal tissue and products. However, other 
research reported that this ratio shouldn’t fall below 0.1. Mammals digest plant proteins 
and recombine the S-amino acids to form their tissue proteins
9
. 
 
Sulfur is available in pastures and conserved forages in amounts from 0.5 to 5.0 
g S/kg DM depending on the soil sulfur, nitrogen and phosphorus and maturity of the 
sward. For animals, surface water and groundwater with more than 1.5 g of sulfate S/L 
also represent significant contributions to S intake. Water concentrations as low as 500 
mg S/L have been observed to induce Cu deficiency (section 1.1.2).  
 
Many rumen bacteria require sulfur to incorporate it into S-amino acids or to 
utilize these. Sulfur acts as a highly reactive element in the formation of enzymes and is 
also part of many proteins with vital roles (methallothionein, glutathione) and part of 
other molecules in connective tissue, heparin and keratin - rich appendages, hormones 
and vitamins.   
 
Excess sulfur has been shown to be toxic to animals, with no other nutritional 
value. This can be excreted via urine or via feces (organic sulfur).
8
 Sulfur poisoning is 
mostly related to Cu deficiency (section 1.1.2). 
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1.5.3. Copper deficiency 
 
 Copper deficiency can be primary, due to insufficient copper intake, or 
secondary, due to the action of copper antagonists. These react with copper in the 
animal body and produce compounds which cannot be absorbed and are not a good 
source of copper. Iron from soil can inhibit copper by the absorption of Cu by insoluble 
iron compounds. Other elements such as Ca, Zn and Cd have also been observed to 
have an effect on Cu absorption, but their influence is small.  
 
The most important copper antagonists identified so far are thiomolybdates. 
These play a major role in ruminants; however in non-ruminants their formation is not 
as significant and therefore Cu – TM interaction isn’t such a danger for the animal. This 
is caused by the rumen’s ability to degrade organic and inorganic sulfur compounds to 
sulfide (section 1.5.1) which together with molybdenum, results in formation of 
thiomolybdates (section 1.2.3).   
 
To cause secondary copper deficiency due to the TMs, the ratio of Cu and Mo 
(in TMs) is more important than just the absolute amount of molybdenum in food and 
water. The results of such studies are controversial: Alloway reported that a molar ratio 
of Cu:Mo = 1.5:1 caused swayback in sheep
115
, Miltimore observed scouring at a ratio 
of 0.75:1 in cattle
116
. Gardner did not observe any effect on the growth of cows and 
calves for several years when the ratio of Cu:Mo was below 2:1
117
, but Ward observed 
weight gain changes for the same ratio of Cu:Mo
118
.  
 
These inconsistencies might be due to the fact that not only molybdenum, but 
also the amount of sulfur is important, because increased amounts of sulfur tend to 
produce higher thiomolybdates (section 1.3.2). At this point, it is not clear if the sulfur 
amount in the studied thiomolybdate has an effect on the Cu:TM ratio. This ratio varies 
in the literature, however it is not always clear what conditions have been used in these 
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studies
15,119-121
. A study by Mattioli showed hypocupremia occurring also in a case 
where the ratio of Cu:Mo was higher than 2:1. However, in this study the concentration 
of copper in the grass was less than 8 ppm which is thought to be a critical 
concentration. The hypocupremia in this case was attributed to the low level of Cu 
rather than to Mo interference
122
.  
 
Sulfur was also shown to be important in the study of Mattioli; the combination 
of 9.4 ppm of Cu, 0.669 % S and less than 0.1 ppm Mo was used in a forage sample. 
This interfered with the effectiveness of Cu absorption in rumen because of the 
formation of CuS rather than the formation of TMs
122
.  
 
 When a ruminant body is deprived of copper, the decrease of its concentration in 
the liver (below 3 mg Cu/kg DM) can be observed immediately. The decrease of copper 
concentration in the blood occurs later as it takes some time before erythrocytes become 
depleted of CuZnSOD. The deficiency of copper affects the connective tissue and skin, 
and aortic rupture can be observed due to insufficient formation of elastin. Bones and 
joints suffer due to the decreased activity of lysyl oxidase diminishing the stability and 
strength of bone collagen. Copper deficiency also affects the central nervous system, 
cardiac tissue and reproduction
8
. 
 
 Severe or prolonged copper deficiency gives rise to anemia; blood Cu 
concentration falls to 1.5-3 μmol/l. Bone disorders occur due to uneven bone growth, 
connective tissue disorders due to impaired collagen and elastin. Other manifestations 
include neonatal ataxia (poor coordination of movements), falling disease 
(cardiovascular disorders), depigmentation, defective keratinization of wool and hair, 
scouring or diarrhea, infertility and susceptibility to infection. Diarrhea appears in early 
stages of Cu deficiency, before blood and liver Cu concentration reach subnormal levels 
and is therefore the first indicator of copper deficiency. These can result in death of the 
animal
8
.  
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 Prevention of the copper deficiency can be achieved by adding Cu-containing 
fertilizers to increase its level in plants, using salt-licks containing 0.5 – 1.9 % Cu, 
incorporation of Cu into mineral mixtures or concentrate or by adding Cu into either 
drinking water or water sprinkled over the forage to obtain 5 – 10 mg Cu/kg DM8.  
 
1.5.4. Structural studies of copper-thiomolybdate interaction 
 
 There are numerous examples of structures containing molybdenum, copper and 
sulfur in the literature, their structure being influenced by several reaction factors. 
Because of the large number of examples, only those produced from thiomolybdates of 
the formula MoO4-xSx (x = 1 - 4) and Cu will be discussed here, as only those are 
relevant to this project. 
 
 The product structure formed when Cu reacts with a TM depends strongly on the 
cation of the thiomolybdate. Its nature can strongly contribute to the formation and 
complexity of the final product. Reaction between (Et4N2)2MoS4 and CuCN produced 
large three – dimensional cluster polymers {[Et4N2]2[MoS4Cu4(CN)4]}n (unfortunately, 
n was not specified). Here the Et4N
+
 cations can induce the polymeric structure and 
occupy the channels of the three-dimensional open frame-work.  When using 
(NH4)2MoS4 and CuCN as starting materials, the same clusters could not be obtained. 
This was attributed to the low solubility of ammonium cations and their small volumes 
to sustain the intersecting channels.
123
  
 
The nature of the ligand of the reacting copper compound can also contribute to 
the formation of large clusters. For instance, cyanide helps in the formation of the 
bridges between units. However bromide
124
 or pyridine
125
 can act as terminal ligands 
clusters. The reaction between TM4 anion and Cu halide in presence of Br
-
 anion lead 
to the formation of two types of clusters (Figure 1.27 a, b). Further addition of Br
-
 to the 
structure b, produces more complicated structure (Figure 1.27c).
124
 Similar structures 
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(as shown in Figure 1.27b) have been determined when CuCN was reacted with TM4 in 
the presence of pyridine (where pyridine is a terminal group).
125
  
 
In some cases, the molar ratio of the reactants (TM:Cu) plays a major role in the 
development of the large structures and the polymerization of the adducts.  
 
Reaction of (NH4)2MoS4 and CuCl in the presence of Et4NCl lead to addition of 
Cu species to the system up to ratio of 1:10, creating a structure with central MoS4 
tetrahedron encapsulated by 6 Cu across the edges of an S4 tetrahedron
39
. TM3 reaction 
with 2 equivalents of CuSBu (Bu = Butyl) produced double butterfly clusters (Figure 
1.28), and the addition of 3 equivalents of CuSBu and 1 equivalent of 
[Cu(NCMe)4][PF6] to TM3 gives a double-incomplete cubane-like clusters (Figure 
1.29) 
126
. 
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Figure 1.27 Termination of polymerization by Br atom. A. flattened structure, b. nest-
shaped structure, c. cage-shaped structure. Structures have been determined from their 
optical property measurements.  
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Figure 1.28 Double buttefly clusters as product of reaction between TM3 anion and two 
equivalents of CuSBu in Et4NBr. Structure was determined by X-ray diffraction.
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Figure 1.29 Double incomplete cubane-like clusters as a product of reaction of TM3 
anion and three equivalents of CuSBu in presence of [Cu(NCMe)4]PF6 and Et4NBr.
126
 
 
Based on the IR, crystallographic and 
95
Mo NMR measurements of the products 
of reaction between [Et4N]2MoS4 and CuCl with increasing Cu:Mo molar ratios, a 
formation scheme of these cluster compounds has been proposed (Figure 1.30).
36
 
Similar structures were proposed by Guo for the product of the reaction between TM3 
and CuBr and TM4 and CuBr where Cu:TM were mixed in molar ratio 1:2. The Cu:Mo 
ratio in final products was found to be 4:10
127
.   
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Figure 1.30 The influence of the ratio of Cu:TM on the complexity of the structure. The 
figure shows the change in the Cu-TM structures as more Cu is added into the 
reaction
36
. 
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Not only the mixture molar ratio of reactants, but the solvent is plays a role in 
the final composition of the adduct as was reported by Wu
39
. Here, the reaction mixture 
containing molar ratio of Cu:TM4 of 10:1 in presence of Et4NCl in acac/DMSO solvent 
gave a product containing Cu:Mo = 10:1. This was compared with other studies, where 
molar ratio of TM4:CuCl = 1:3 in CH3CN produces [MoS4Cu3Cl3]
2-
 (Cu:Mo = 3:1) and 
[MoS4Cu6Cl9]
5-
 (Cu:Mo = 4:1), and the ratio of 1:4 in (CH3)2CO or CH2Cl2 gives 
[MoS4Cu4Cl4]
2-
. 
39
 From this last study, it is not clear how important the solvent itself is 
in terms of its influence on the Cu:Mo ratio in the product as two different solvents 
using the same ratio of reactants give same results. It is therefore not confirmed that the 
solvent has a strong effect on the final product ratio of Cu:Mo. 
 
Some reactions with TM3 have been observed not to proceed with a  
polymerization step; this was ascribed to the lower tendency of the oxygen (compared 
to sulfur) atom to coordinate Cu
124
. However, Hou et al. by reacting TM2 and CuCN, 
prepared a structure that is similar to that involving TM4 (cage-shaped)
125
, so it appears 
that the presence of the oxygen atom plays probably just a minor role in preventing the 
polymerization of the Cu-TM adducts. 
 
Similar results were obtained when comparing the reactions of TM4 vs. TM3 
with CuBr, (n-Bu)4NBr in DMF. The same molar ratio of Cu:Mo was obtained in both 
cases in the final products (4:10). The difference was in the types of unit formed; 
reaction with TM3 produced butterfly and incomplete cubane-type fragments while 
reaction with TM4 only produced butterfly type fragments
127
. Therefore it appears that 
the amount of O/S in the TM used has an effect on the type of the structural unit 
obtained. 
 
In the examples mentioned until this point, all the reactions were carried out 
using Cu in the +1 oxidation state. There are other examples in the literature of similar 
reactions and similar final products, as already mentioned in the previous paragraphs; 
 92 
  
these will not be discussed here in further detail. In the addition reactions between TMs 
and Cu(I) compounds, the final adducts have been observed to possess an unchanged 
MoS4 (MoOS3) unit in which the Mo remains in tetrahedral coordination
36,123,124,126,128-
132
 and is present as Mo(VI)
127,131,133,134
. This was determined from the interatomic 
distances obtained from crystallographic data, sometimes combined with UV/Vis and 
IR spectrometry.  
 
Crystal structures showed that Cu coordinated by 4 S atoms can be present in 
different geometries: either distorted tetrahedral
36,131,135
; or trigonal planar
124,126,129,133
 as 
determined from crystallographic data. If multiple Cu atoms are present a combination 
of both is possible.
125,136,137
  
 
Some researchers have used Cu(II) compounds rather than the Cu(I) that was 
used in the examples described previously. Binnie et al prepared a Cu(NH4)MoS4 
adduct containing Cu(I) in the final product from the ammonium molybdate, hydrogen 
sulfide and cupric sulfide. The oxidation state of Cu was deduced from the fact that the 
final adduct produced diamagnetic species
138
. Total reduction of Cu(II) to Cu(I) upon its 
reaction with TM4 in formed solid species was also observed by Clarke and 
Laurie
119,121
.  This was suggested based on the results of EPR measurements of the final 
adduct, where the reduction of Mo (VI) to Mo(V) was also observed. Similar products 
were obtained from reactions between TM (TM2, TM3 and TM4) and various Cu(II) 
species (bis(glycinato)copper(II), Cu(His)2, Cu(GGH)
-
, CuEDTA
2-
, Cu(Albumin)) in 
buffered aqueous solution with the same oxidation-reduction processes
121
. The 
simultaneous reduction of the two metals (Mo and Cu) in these products has been 
suggested by the oxidation of sulfides to produced disulfides
119
. The formation of 
disulfides, however, was not confirmed by the spectral analysis
121
. 
 
A variety of structures have been observed to form between Cu and 
thiomolybdate species. Based on the reaction conditions, ratio of reactant and the 
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ligands or cations present in the system, formation of polymeric, nest-shaped, cage-
shaped
36,123,132
 and cube structures has been demonstrated.  Complexation between Cu 
and TM species in the majority of the cases happens through coordination via sulfur. 
Polymerization was also observed through the formation of C=C when carbon atoms are 
present in species (NH4)2MoS4CuC2(L)n (L = bipy, phen with n =1, L = py, nia, tpp 
when n = 2)
139
. For now, it is not completely clear what the effect is of the oxidation 
state of Cu (+1 vs. +2) on the ratio or the structure of its product from the reaction with 
TM. There are also no conclusions about the individual effect of each condition itself on 
the reaction and final product, as many different conditions are changed in these studies. 
  
1.5.5. The Copper-Thiomolybdate Interaction in Relation to Cu-deficiency 
in Ruminants 
 
Extensive research relating to in vitro Cu-thiomolybdate interactions related to 
Cu deficiency in cattle was performed by Laurie’s group in the 1980s and 1990s.  
 
The reaction of Cu(II) and TM4 in solution led to a decrease of the UV/Vis 
signal of TM4 confirming an interaction between the two species. The formation of 
insoluble amorphous adducts was observed even at very low concentrations (10
-5
 M).  
The reaction of Cu and TM4 was found to be irreversible with the molar ratio of 1:1. 
EPR measurements determined complete reduction of Cu(II) to Cu(I). A two-step 
mechanism was proposed for the reaction: reduction to Cu(II) to Cu(I), followed by 
formation of an adduct with a final ratio of Cu:TM=1:1: 
2Cu II  + MoO4-xSx
2- 
+ xH2O → 2Cu I  + MoO4
2-
 + S2
2-
 +  x-2 HS- + (x+2)H+ 
2Cu I  + MoO4-xSx
2-
  → Cu2
I MoO4-xSx                 1.29 
where x = 2,3,4. The hydrolysis to the lower thiomolybdates during this reaction was 
also suggested
119
.  
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The solid adduct formed between Cu and TM was characterized as polymeric 
species by these and other researchers
45,120,121,140
.  This conclusion was based on several 
spectroscopic measurements (IR), which however showed only the presence of certain 
groups in the adduct.  
 
 Because the Cu-TM species had not been fully spectroscopically characterized, 
there are several proposed structures of these polymeric species found in the literature 
(Figure 1.30).  
 
Later, a more careful approach was taken to preparing Cu-TM4 adducts, by 
excluding any amino acids and peptides that could compete for Cu. The formation of 
two products was suggested from analysis of these samples. One product was obtained 
from the solution with reaction ratio of Cu:TM4 = 1:1. The absence of an EPR signal 
suggested that in this adduct Cu(I) and Mo(VI) are present. Elemental analysis 
confirmed this adduct to be consistent with the formula (NH4)CuMoS4 
138
.  The second 
adduct was obtained from solution with higher reaction ratio 1.5:1. The EPR signal 
revealed the presence of Cu(I) and Mo(V) in the adduct. The simultaneous reduction of 
both, Cu(II) and Mo(VI) was suggested to be caused by disulfides.
121
 However, using 
the published EPR parameters in a modern EPR simulation (see section 1.4.4.8) results 
in spectra which do not remotely resemble the measured spectra shown in the 
communication. It should be noted that the full-length paper mentioned in this 
communication has never appeared.  
 
The formation of the later species was also confirmed by more thorough 
analysis, indicating the higher ratio of reactants and suggesting the formula 
Cu1.6MoS4Xy (where X = Cl
-
, Br
-
 with y = 1.0 ± 0.2 or X = SO4
2- 
with y = 0.5 ± 0.1). 
Both, EPR and EXAFS analysis indicate the presence of Cu(I) species and the rise of an 
EPR signal is therefore due to the presence of Mo(V) species in the adduct
120
. There is 
no hyperfine splitting observed in the measured EPR spectrum and therefore the 
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presence of Mo(V) species is not confirmed by any spectroscopic technique used in the 
study.  The reduction of both Cu and Mo is thought to be accompanied by the oxidation 
of S
2-
 to S2
2-
, however the presence of the disulfide had not been observed in any of the 
IR spectra. The spectral analysis suggested the loss of sulfur on Mo resulting in the 
coordination of only three S atoms. The presence of both CuS3 and CuS4 units was 
proposed; the Mo and Cu structures are connected through disulfide bridges. However, 
the three coordinated Mo (surrounded by three atoms of S) proposed in that study is 
very unlikely; such a structure has never been characterized. Considering the oxidation 
states for the elements mentioned above, the structure proposed also cannot exist as a 
neutral species due to unbalanced charges.  
 
The main problem in the results from this literature is that there is a lack of 
detailed procedure for preparation of these samples. As discussed previously (section 
1.5.4), there are several factors influencing the final product. Without knowing the 
detailed conditions used in these studies, it is impossible to draw firm conclusions about 
their validity. 
 
The low availability of  spectroscopic techniques, such as EXAFS on Cu and 
Mo K-edges or XANES of the S-edge in the initial structural studies plays also a role in 
the ambiguous and (as will be demonstrated) probably incorrect determination of 
coordination and oxidation numbers of Mo, Cu and S in these adducts.  
 
1.5.6. Spectral Characterization of Cu-TM Complexation 
 
If soluble CuTM products are prepared at very low concentrations of reactants, 
the UV/Vis transition bands of CuTM species are similar to the charge transfer 
transitions of pure TMs.
132
 Upon addition of Cu, the TM4 and TM3 charge transfer 
bands (section 1.4.1) are shifted to longer wavelengths
127
. Principal absorption bands 
have been observed for [MoS4(CuMe2dtc)2]
2-
: at 428 nm and 495 nm, corresponding to 
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the charge transfer transition of the MoS4 moiety
135
. Other bands found for the Cu-TM 
compounds are summarized in Table 1.26. 
 
Compound Bands (nm) Solvent 
[Et4N]4[Mo4Cu4S12O4] 
132
 450, 420, 312, 268 DMF 
[Mo4Cu4S12O4(Cu(TMEN)4]
132
 
(TMEN = N,N,N’,N’- 
tetramethylethylenediamine) 
450, 320, 265 DMF 
(NEt4)3[MoOS3Cu3Br3(µ2-
Br)].2H2O
124
 
501.2, 408.4, 287.4 NR 
(NEt4)2[MoS4(CuBp’)2].(CH3)2CO
131
 
(Bp’ = H2B(3,5-Me2Pz)2) 
510, 323 DMF 
(NEt4)2[MoS4(CuCN)2].H2O
131
 492, 313 DMF 
(NEt4)2[MoS4]
131
 477, 324 DMF 
[PPh4]2[η
5
-C5Me5)MoS3Cu3Br3]2 
137
 550, 367, 301 CH3CN 
{[Et4N2]2[MoS4Cu4(CN)4]}n
123
 521 DMF 
{[Et4N][S2MoS4Cu2(µ-SBu
t
)]4}
130
 
505, red shifted with 
CuL attachment 
NR 
[NEt4]2[ClCuS2MoS2CuCl]
129
 266.7, 321.3, 503.6 DMF 
Table 1.26 Positions of absorption bands in the UV/Vis spectra of Cu-TM compounds 
from. 
 
95
Mo NMR shows a general decrease of the chemical shift upon reaction with 
Cu. Reaction of Cu
+
 with TM3 in aqueous solution results in a decrease of the chemical 
shift of 200 - 400 ppm upon addition of each mole equivalent of Cu
+
.
36,126,132
 For TM4, 
addition of CuL (L = ligand) species also leads to a decrease of a chemical shift by 210 
- 240 ppm per each CuL unit
36
. From the extent of chemical shift (characteristic to TM) 
decrease as Cu species are added to the TM species, the number of CuL units bound to 
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TM can be determined
127
. This can be used to identify the molar ratio of Cu:Mo in the 
adducts (Table 1.27 and Table 1.28). 
 
Fragments Chemical shift (ppm) Compound 
MoS4Cu3 1224 [(n-Bu)4N]4[Mo4Cu10S16O3].H2O 
MoS4Cu2 1547 [(n-Bu)4N]4[Mo4Cu10S18O].H2O 
MoS4Cu3 1216 [(n-Bu)4N]4[Mo4Cu10S18O].H2O 
Table 1.27 
95
Mo chemical shift of the fragment of the CuxTM4 structure in DMF. Small 
differences between the shifts of similar units are caused by the differences of the 
overall compound structures (S and O amount)
127
. 
 
Fragments Chemical shift (ppm) Compound 
MoOS3Cu2 877 [(n-Bu)4N]4[Mo4Cu10S16O3].H2O 
MoOS3Cu3 481 [(n-Bu)4N]4[Mo4Cu10S16O3].H2O 
MoOS3Cu2 1152 [(n-Bu)4N]4[Mo4Cu10S18O].H2O 
Table 1.28 
95
Mo chemical shift of the fragment of the CuxTM3 structure in DMF. Small 
differences between the shifts of similar units are caused by the differences of the 
overall compound structures (S and O amount)
127
. 
  
In many cases, the analysis of Cu-TM species shows the presence of the same 
features as in the spectra of TMs. IR spectroscopy of Cu-TM adducts shows υ(Mo - S) 
stetching vibrations between 400 - 500 cm
-1 36,38,123,125,126,128-131,133,135,136,141-143
  (Table 
1.29)  and if TM3 is used, also the presence of an oxo-terminal ligand between 880 - 
900 cm
-1. 36,38,123,125,126,128-131,133,135,136,141-143
  In a few cases, when tetrahedral TM4 is 
coordinated to a metal, its symmetry is lowered and only a single band can be observed 
at ~ 460 cm
-1
 which is characteristic of a polymeric TM4 species bound to Cu.
44
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Characteristic IR peaks can distinguish between Mo-S bond where S is a 
terminal atom and bond where S is a bridging atom. The position of the peaks differs by 
60 – 70 cm-1 where the Mo-Sb is found at lower wavenumber (Table 1.29).  
 
The position of the peaks for Mo-S groups can be also affected by the Mo 
isotope that is present in the studied compound. However, this influence is very small 
and the position of the peak for Mo-S with 
92
Mo vs. 
100
Mo differs only by few cm
-1
 
(Table 1.29).  
 
Compound 
Wavenumber 
(cm
-1
) 
Assignment 
[NCCu(
92
MoS4)]
2-  
 500/486 Mo-St 
[NCCu(
92
MoS4)]
2-  
 447/416 Mo-Sbr 
[NCCu(
100
MoS4)]
2- 
 493/481 Mo-St 
[NCCu(
100
MoS4)]
2-  
 443/415 Mo-Sbr 
Table 1.29 IR resonances in the spectra of Cu-TM compounds
144
. 
 
There are many examples of IR characteristic vibrations for Cu-TM compounds 
in the literature. Small differences in structure can slightly influence the exact position 
of the band (Table 1.30). 
 
 Cu-S can also be observed in the Cu-TM adducts; absorption at a lower 
wavenumber (245 cm
-1
) is assigned to the Cu-S vibration.
44
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Compound 
Wavenumber 
(cm
-1
) 
Assignment 
{[Et4N][S2MoS4Cu2(µ-SBu
t
)]4}
130
 458 µ3-S 
[PPh4]2[(η
5
-C5Me5)MoS3Cu3Br2
137
 476, 458 Mo-Sbr 
[(η5-C5Me5)MoS3Cu3Br2(PPh3)2]
137
 428, 417 Mo-Sbr 
(NEt4)2[MoS4(CuBp’)2].(CH3)2CO
131
 
(Bp’ = H2B(3,5-Me2Pz)2) 
465  
{[MoS3Cu3(CN)(py)3].0.5C6H6}n
125
 912 Mo-Ot 
 441, 412 Mo-Sb 
[Et4N][MoS4Cu3(S2COEt)2]
141
 479 Mo(µ2-S) 
 441 Mo(µ3-S) 
{[Et4N][S2MoS4Cu2(µ-SBu
t
)]4}
130
 ~520 
Symmetrical 
coordination 
around MoS4
2-
 
core 
C
S
S
Cu
S
S
Mo
S
S
Cu
S
S
C
36
 
463 Mo-µ2-S 
C P
P
Cu
S
S
Mo
S
S
Cu
P
P C
C C
36
 
465 Mo-µ2-S 
Mo
S
O
S
S Cu
Cu
S
S
S
S
C
C
36
 
915 Mo-Ot 
 460, 430 Mo-Sb 
(NEt4)2[MoS4(Cu(H2B(pyrazolyl)2)4]
128
 443 Mo-S 
[NEt4]2[ClCuS2MoS2CuCl]
129
 466 
Mo-S in MoS4 
core 
Table 1.30 Some IR characteristic wavenumbers for compounds formed by interaction 
of Cu and TMs. 
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…table continues  
Compound 
Wavenumber 
(cm
-1
) 
Assignment 
[Et4N][Mo(µ-S)3Cu2)2(µ-Sn6S6)]
133
 885 Mo=O 
 465 Mo-Sb 
 507 Mo=S 
[Et4N]4[(MoS4Cu2)3(µ3-S)2]
133
 497 Mo=S 
 451 Mo-Sb 
[(n-Bu)4N]4[Mo4Cu10S16O3].H2O
127
 894.8 Mo-Ot 
 462.8, 454.5 
Mo-(µn-S) 
n = 2, 3, 4 
[(n-Bu)4N]4[Mo4Cu10S18O].H2O
127
 894.8 Mo-Ot 
 505.3 Mo-St 
 
484.1, 462.8, 
451.3 
Mo-(µn-S) 
n = 2, 3, 4 
Table 1.30 Some IR characteristic wavenumbers for compounds formed by interaction 
of Cu and TMs. 
 
Unfortunately, all these well studied and characterized structures are not relevant 
to the Cu-TM interaction in biological environment. Their preparation includes the 
presence of large bulky organic molecules, and conditions and solvents unlikely to be 
found in the natural environment. So far, very little work has been done on simple Cu-
TM interactions in aqueous environment similar to biological conditions with 
conclusive results, most likely because of the low solubility of these adducts in water. 
There is also limited information available from spectral studies on these adducts in the 
solid phase. Even simple things like molar ratio of Cu:Mo in their products, the 
oxidation states of metals, or their coordination environment remain in question. 
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1.6. Previous Work within the Reid Group  
 
 The project described in this thesis is only a part of a large study. It was started 
several years ago in the Reid group and has continued untill now. Here is a summary of 
work that was done previously by other members of the group. Only the projects highly 
relevant to this research will be discussed in detail. Others will be mentioned briefly. 
 
1.6.1. 1H NMR and Potentiometric Studies of Copper(II) Speciation in 
Ruminants 
 
 Mohammed Attaelmannan studied the interaction of the Cu(II) with some 
important amino acids using potentiometry and 
1
H NMR measurements
145,146
. The 
NMR study of the rumen fluid sample showed the predominance of the acetic acid and 
the presence of other fatty volatile acids such as propanoic and butanoic. Another 
component of rumen fluid, ammonia, was found to be important in the speciation of 
Cu(II) studied by computer simulation
145
. 
 
1.6.2. X-ray crystallographic Studies of Thiomolybdates and Bovine 
Serum Albumin 
 
 Dean Thome developed a synthesis of thiomolybdates where their crystals can 
be obtained. He also crystallized all four thiomolybdates and determined their structure: 
bond distances, angles and unit geometry (Table 1.31).  
 
 For all of the TMs, it was found that they crystallize in tetrahedral geometry. 
The bond angles in all were found to be between 106-113°, corresponding to a 
tetrahedral environment around the Mo atom. Mo-S and Mo-O bond distances were also 
determined. The Mo-S bond distance was found to vary between 2.147-2.2427 Å with 
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the trend of having longer distances for the lower TMs. The Mo-O distance was found 
to be between 1.736 and 1.7814 Å. 
 
Compound Bond Length (Å) Atoms Angle (°) 
Cs2TM1 Mo-O1 1.758 (4) O1-Mo-O1_a 109.87 (10) 
 Mo-O1_a 1.758 (4) O1-Mo-S 109.07 (10) 
 Mo-O1_b 1.758 (4)   
 Mo-S 2.2427 (18)   
(NH4)2TM2 Mo-O1 1.7789 (14) O2-Mo-O1 112.95 (7) 
 Mo-O2 1.7814 (15) S1-Mo-O1 108.99 (5) 
 Mo-S1 2.1889 (8) S2-Mo-O1 109.09 (5) 
 Mo-S2 2.1904 (9) S1-Mo-O2 109.14 (5) 
   S2-Mo-O2 109.04 (5) 
   S2-Mo-S1 107.48 (3) 
Cs2TM3 Mo-O1 1.736 (15) S2-Mo-S1 109.18 (14) 
 Mo-S1 2.199 (5) S1-Mo-O1 109.54 (53) 
 Mo-S2 2.147 (5) O1-Mo-S2 111.11 (30) 
 Mo-S2_a 2.147 (5) S2-Mo-S2_a 106.75 (24) 
(NH4)2TM4 Mo-S1 2.2021 (8) S2-Mo-S3 109.24 (3) 
 Mo-S2 2.1702 (8) S3-Mo-S3_a 108.19 (10) 
 Mo-S3 2.1772 (3) S2-Mo-S1 110.39 (3) 
 Mo-S3_a 2.1772 (3) S3-Mo-S1 109.87 (3) 
Table 1.31 X-ray data on crystalline TMs. TM1 and TM3 were crystallized as Cesium 
salts, due to their lower solubility and water and easier separation from the solution. 
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The Cu-S characteristic bond distance has a value of 2.32 Å and Cu(I) prefers 
tetrahedral symmetry. The fact that TM4 has strictly tetrahedral symmetry (more than 
other lower TMs) and the actual spacing between S atoms (3.59, 3.58, 3.54 Å) being 
closest to the that of the sulfur atoms bound to Cu(I) (3.78 Å with the tetrahedral angle 
of 109.45°) are most likely the reasons of the strong complexes formed between Cu(I) 
and TM4. TM4 has also the highest number of S atoms to which Cu(I) can coordinate. 
 
1.6.3. Competitive Interactions between Copper(II) ions, Thiomolybdates, 
and some Biological Ligands 
 
 Emmanuel Quagraine developed a simple synthesis of all four thiomolybdates 
using sodium molybdate and ammonium sulfide as reactants. Increasing the reaction 
time and decreasing the pH of the reaction mixtures favors the substitution of the 
oxygen by sulfur atom and therefore the formation of higher thiomolybdates. This way, 
the thiomolybdates can be prepared in relatively high purity (> 95 %). When better 
purity is needed, further purification using a Sephadex column might be necessary
16
.  
 
 Thiomolybdates in the rumen are involved in Cu deficiency in ruminants. The 
stoichiometry of the reaction between Cu(II) and all four TMs was found to be 1:1 in 
aqueous solution at all the pH values studied
16,147
. The higher ratio of Cu:TM proposed 
in the literature was thought to be important only to drive the reaction to completion. 
Further increase of the Cu(II) in the solution did not produce any significant changes in 
the observed spectra. The ratio of Cu:Mo in the CuTM solid samples was confirmed to 
be close to 1.08:1 by elemental analysis. 
 
 Reaction between Cu and TMs is very rapid and leads to the formation of 
insoluble complexes. Precipitation of CuTM4 (1:1) was observed within an hour at pH 
values of 2 - 7. The precipitation of CuTM3 was somewhat slower; only at pH = 2 - 4 
the precipitation occurred in one hour, for higher pH values 5 hours were needed (10
-4
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M concentrations of TM and Cu used). This precipitation is also favored by increased 
ionic strength of the solution, studied by the addition of various salts into the mixture. 
However, these salts were not found to be a part of the formation of the precipitate (C, 
H, N analysis)
16
. 
 
Several other small molecules were found to have a small effect on the 
formation and precipitation of the CuTM species. A large excess of EDTA was found to 
slow down the precipitation of CuTM species, presumably by competing for Cu(II). 
However, it did not prevent the formation of precipitate. It was also found that once the 
CuTM species is formed, the EDTA cannot compete for Cu any more. 
 
Addition of S
2-
 into a reaction mixture of Cu(II) and TM4 resulted in the 
formation of CuS rather than CuTM4. In the Cu(II) and TM3 mixture, the conversion of 
TM3 into TM4 was observed, which then reacted with present Cu. Once CuTM is 
formed, Cu cannot be stripped off by S
2-
. 
 
The presence of histidine in the solution containing Cu and TM did not produce 
any changes in the UV/Vis spectra of solution. In the presence of BSA, it was observed 
that ternary complexes (BSA-Cu(II)-TM) are formed. These were found to be soluble 
adducts. 
 
 The interaction between small peptide molecules containing histidine, TM and 
Cu(II) was investigated by 
1
H NMR spectroscopy and elemental analysis. Elemental 
analysis showed that small peptide molecules are part of the CuTM species. Based on 
the results obtained from this study, a possible structure was proposed. The formation of 
the CuTM4 linear chains of Cu and TM species was terminated by the small peptide 
which binds to Cu through S of the histidine molecule. For the lower thiomolybdates: 
TM3 or TM2 the formation of CuTM-peptide polymeric species is thought to result into 
slightly different structure as suggested by S NEXAFS studies as well
16,147,148
. 
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1.6.4. 1H NMR and Potentiometric Studies of Mixed-Ligand Complexes of 
Copper(II) with some Amino Acids 
 
 Using 
1
H NMR and potentiometric titration, Mildred Koranteng studied the 
interaction of the Cu(II) and some of the amino acids (glycine, lysine, methionine, 
histidine). The formation of several species between each amino acid and Cu(II) was 
observed. The formation constants of these complexes as well as mixed complexes 
(using two amino acids with Cu) were found in biologically relevant conditions of 
temperature and ionic strength
149
.  
 
1.6.5. Speciation Modelling of Copper(II) in the Thiomolybdate-
contaminated Bovine Rumen 
 
 Joseph Essilfie-Dughan found that the rate of the formation and hydrolysis of 
thiomolybdates by replacement of O
2-
 by S
2-
 decreases with increasing S amount in the 
TM. TM4 is the least reactive and therefore the most stable of all four thiomolybdates. 
Computer simulation of the formation of TM under rumen-like conditions showed fast 
formation of TM1 from TM0, then degradation of TM1 and formation of TM2 (80 % of 
the TM at 300 s), formation of TM3 (63 % at 30 min) and eventually formation of TM4 
(27 % in 3 hours)
150
.  
 
 The change of [Cu
2+
] in the solution in the presence of TM4 was studied with a 
Cu(II) Ion-Selective Electrode. The decrease of the free Cu
2+
 concentration upon the 
addition of TM4 was shown to be a two-step process, starting with a fast decrease in the 
concentration and continuing by a slow decrease (Figure 1.31).  
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Figure 1.31 Decrease in concentration of Cu
2+
 versus time at 25 °C in an unbuffered 
solution as Cu
2+
 complexes with TM4. Points represent experimental data while curves 
represent the fit
150
. 
 
This is consistent with other results from the literature and the prediction of the redox 
and complexation process as the first step, followed by a slow polymerization step:  
                         
         1.30 
where k1 and k2 are the kinetic constants for the forward processes and k-1 is the kinetic 
constant for the reverse process. 
 
k1 (min
-1
) k-1 (min
-1
) k2 (min
-1
) 
1.26 (8) 0.14 (1) 0.034 (9) 
Table 1.32 Rate constants obtained from data analysis at 25°C in an unbuffered 
environment. 
 
Cu2+ + TM Intermediate
k1
k-1
k2
Product
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 The pH and temperature dependence of the rate constants was studied. For the 
temperature range of 25 – 38 °C, the values of k1 and k-1 were found to increase only 
slightly, but the increase of the k2 value was significant with temperature. Increasing of 
pH for resulted in an increase of the values of forward reactions constants, k1 and k2 but 
a decrease in the value of k-1. The values of rate constants at 38°C are summarized in 
Table 1.33. 
 
k1 (min
-1
) k-1 (min
-1
) k2 (min
-1
) 
11.70 (60) 0.78 (3) 1.139 (10) 
Table 1.33 Rate constants obtained from data analysis at 38°C (rumen temperature) at 
pH = 5.00.  
 
 At the various pH values, the activation energy was for the k1 reaction was 
determined as well (Table 1.34), which showed that the activation energy of the reaction 
is independent of pH between values of 4.0 – 5.0. 
 
pH Activation energy (kJ.mol
-1
) 
4.0 11.89 (3) 
4.5 11.91 (1) 
5.0 11.90 (2) 
Table 1.34 The activation energy values for the first step of the reaction between Cu(II) 
and TM4 at different pH values. 
  
Computer modeling was used to simulate TM formation together with the Cu-
TM4 interaction. It was found that the TM4 formed in the rumen is immediately 
consumed to produce CuTM4, and therefore it is usually not detected in rumen fluid. 
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In the presence of other molecules (LMM in the rumen) and at different pH 
values, the computer simulation showed that the rate of this reaction can be changed 
because of the possible competition for Cu
2+
 or the polymerization of the TM4 (pH = 
4.5). This is mainly because the reaction of Cu
2 +
 with LMM compounds is much faster 
(nanoseconds) than the Cu
2+
-TM4 reaction (minutes, hours). In this situation also the 
amount of the Cu-TM4 products can be reduced by as such as 76 %. 
 
1.6.6. Kinetics of Thiomolybdate and Copper-Thiomolybdate 
Interconversion Processes 
  
 Using computer software with the fitting option, Rhett Clark developed a 
method to quantify the composition of TM mixtures in solution. This is important 
because of the inability of the synthesis of TMs in their pure form without 
contamination from other TMs. The absorptivities of all four thiomolybdates were 
refined
28
. Using these results, the rate constants of forward and reverse k-2 processes of 
TM interconversions were determined in the reaction equation 
k1
k-1
k2
k-2
k3
k-3
k4
k-4
TM0 TM1 TM4TM3TM2
              1.31 
Their dependence on the temperature, pH and ionic strength was also shown. Each 
process in the scheme above was determined to be first-order with respect to TM, and 
second order overall. 
 
 Using the kinetic data a mechanism for TM interconversion was proposed:  
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Figure 1.32 Proposed mechanism for the formation and hydrolysis of TMs. 
 
UV/Vis spectroscopy was also used to investigate the Cu-TM interaction in 
solution following the scheme of the reaction for Cu-TM3 and TM4 interaction as 
described in equation 1.30. In this scheme, the rate constants (Table 1.35) were 
determined and found to be little different than the rate constants from the study using 
the Cu(II) ISE
150
 (section 1.6.5). Differences might be caused by the slightly different 
conditions in the two studies. It is also important to mention that UV/Vis is sensitive to 
overall changes of all the species in the studied solution, while Cu(II) ISE only detects 
the presence (or a change in the concentration) of uncomplexed Cu(II) species. This 
method is also requires specific conditions to be used during measurements (such as pH 
or ionic strength, interference of other ions) and provides different results when these 
conditions are changed.  
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 Cu(II) + TM4 Cu(II)+ TM3 
k1 (min
-1
) 1.09 (3) 1.09 (3) 
k-1 (min
-1
) 0.05 (1) 0.071 (1) 
k2 (min
-1
) 0.037 (1) 0.031 (1) 
Table 1.35 The rate constants of the reactions between Cu and TMs found from UV/Vis 
spectra in solution at 25 °C. The reactants were mixed at a ratio of 1:1. 
 
 A UV/Vis study was performed to study the TM formation in presence of 
Cu(II). It was determined that a higher ratio of Cu(II):TM than the previously found 1:1 
is needed to consume all the TM present. When the ratio of 2:1 was used, the prevalent 
species in the system are CuTM4 and to a lesser extent CuTM2. Surprisingly, CuTM3 
was not present, neither were any of the TMs due to their fast reaction with the Cu(II) 
immediately after their formation. The presence of Cu resulted in an increase in the rate 
of TM formation. 
 
 Feeding habits were mimicked by adding a new portion of reactants (TM0, S
2-
 
and Cu(II)) into the system in chosen intervals and the system was monitored for 
several hours using UV/Vis spectrophotometry. During the first few hours, TM3 was 
found to be the dominant species of the system; later TM4 prevailed. The presence of 
Cu(II) resulted in a decrease of the formed TM4.
151
 
 
1.7. Scope of the Present Study 
 
 The main goal of the study is to gain insight into the Cu-TM interaction. 
 
1. A considerable amount of research has been done on thiomolybdates and 
their interaction with metals, as described in section 1.5.4. However, none of 
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the mentioned structures had been prepared in conditions relevant to the 
biological environment. The limited research done on Cu-TM interaction 
related to Cu deficiency (section 1.5.5) doesn’t provide sufficient 
information on the preparation of the samples. A method of preparation of 
CuTM adducts in under conditions close to the biological environment of the 
rumen will be developed. This includes the conditions used during the 
sample preparation, such as temperature, medium, pH, concentration of the 
reactants to be used and their molar ratio. The preparation will also focus on 
the characterization and possible elimination of the contaminants, side 
products.  Solution samples as well as solid samples will be prepared as 
differences in structures have been shown to exist between solution and solid 
phase (section 1.5.5). 
 
2. The molar ratio of Cu:TM has been shown to have several values, as 
discussed in section 1.5.4 depending on the conditions used in the 
preparation of CuTM adducts. The Cu:TM ratio in solution and solid phase 
for the samples related to Cu-deficiency has been a subject of controversy 
(section 1.5.5, section 1.6.3). Once the proper preparation of the adducts is 
developed at desired conditions (see above), the molar ratio of Cu:Mo in the 
formed complexes will be studied in solution and in the solid phase. This 
involves use of solution spectroscopic techniques, such as UV/Vis 
spectrophotometry, 
95
Mo NMR, potentially EXAFS and solid phase 
spectroscopic techniques, such as elemental analysis and EXAFS. 
 
3. As in case of the ratio of Cu:TM in their adducts, numerous different 
structures have been proposed to be formed by the interaction of these two 
reactants (section 1.5.4). For the CuTM adducts related to the Cu deficiency, 
unit to be formed has been proposed (section 1.5.5). However, this proposed 
structure is based only on the partial spectroscopic studies and contains some 
questionable parts. The EPR study showed presence of paramagnetic 
species, however, their identity has not been confirmed. The three-
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coordinated Mo surrounded by sulfur atoms is very unlikely (section 1.5.5). 
At this point, it is also not clear in how many steps the complete reaction 
proceeds and how the structure formed between Cu and TM differs in 
solution and solid phase. Structural studies will be performed on the CuTM3 
and CuTM4 complexes using various spectroscopic techniques in solution 
and in the solid phase. This will be related to the redox changes occurring 
during the reaction between Cu and TMs. 
a. EPR will study the presence of paramagnetic species and their 
identity 
b. EPR and XANES will be used to determine the oxidation states in 
the CuTM adducts.  
c. EXAFS data will be used to determine the geometry of Cu and Mo in 
the prepared adducts. 
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2. EXPERIMENTAL 
 
2.1. Sources of Chemicals 
 
 Sodium molybdate (Na2MoO4.2H2O), concentrated aqueous ammonia solution 
(28-30 % NH3), phosphorus pentoxide (P2O5) and anhydrous diethyl ether (99 %) were 
obtained from EMD Chemicals, Madison, WI, USA. Ammonium sulfide solution (20 % 
(NH4)2S), sodium dihydrogenphosphate (NaH2PO4.H2O) were obtained from Sigma, 
Oakville, Ontario, Canada. Copper nitrate (99.9 % Cu(NO3)2.2.5H2O), butyric acid (99 
%), isobutyric acid (99 %) and boron nitride (BN) were obtained from Aldrich, 
Oakville, Ontario, Canada. Copper sulfate (CuSO4.5H2O) and propanoic acid were 
obtained from Fisher Scientific, Fair Lawn, NJ, USA. Acetic acid (99.7 %), sodium 
bicarbonate (NaHCO3), potassium chloride and acetone (HPLC grade) were obtained 
from EM Science, Gibbstown, NJ, USA. Potassium chloride for EPR measurements 
(KCl, spectroscopic grade) and cesium chloride (CsCl) were purchased from Alfa 
Aesar, Ward Hill, MA, USA. Hydrochloric acid (HCl) and zinc nitrate were obtained 
from BDH, Toronto, Ontario, Canada. Copper chloride (CuCl2.2H2O) was obtained 
from Allied Chemicals, NY, USA. 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) from 
Eastman Kodak, Rochester, NY, USA. Ethanol (100 %) was obtained from Commercial 
Alcohols Inc, Brampton, Ontario, Canada. MOPS was obtained from Avocado Research 
Chemicals Ltd, Heysham, Lancs, UK. Unless otherwise indicated, all water used in 
these studies was purified with the Milli Q system from Millipore (resistance of water 
was 18.2 mΩ).  
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2.2. Synthesis of TM4 
 
 The synthesis was performed as described by E. Quagraine
16
 with a few 
modifications. 
 
5 g TM0 (Na2MoO4.2H2O) was dissolved in 10 mL of water in an Erlenmeyer 
flask. 75 ml of (NH4)2S solution was added, and the mixture was allowed to sit for 7 hr 
at ambient temperature to increase the yield and to minimize the amount of TM3. 35 ml 
of 1:1 (v/v) ethanol/ether was added to the reaction mixture, which was allowed to sit 
for another 45 min before being filtered using suction filtration. During filtration, the 
solid product was washed with ~ 15 ml of cold water, ~ 35 ml of 1:1 (v/v) water/ethanol 
and 2 x ~ 10 ml of ether. No further purification of the obtained product was performed. 
  
2.3. Synthesis of TM3 
 
 The synthesis was performed as described by E. Quagraine
16
 with a few 
modifications. 
 
2.5 g TM0 was dissolved in 5 ml water and 5 ml of ammonia was added. 25 ml 
of (NH4)2S was added to the mixture. Reaction time was 8.5 min at ambient 
temperature. Then a solution of 7 g of CsCl dissolved in 10 ml of water was added to 
the mixture and the mixture was shaken and filtered. During filtration, the solid product 
was washed with ~ 20 ml of cold water, 2 x ~ 10 ml of ethanol and 2 x ~ 10 ml of ether. 
No further purification of the obtained product was performed.  
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2.4. Preparation of Buffer Solutions  
 
2.4.1. Simulated Rumen Fluid (SRF) 
 
 The constituents listed in Table 2.1 were mixed in the listed amounts with water 
(~ 800 ml) in a large beaker. Then the appropriate amount of 36 % HCl was added to 
adjust the pH of the solution to 4.00. Then sufficient KCl was added to make the total 
concentration of Cl
-
 ions in the final solution 4.4 x 10
-2
 mol/L. Water was added to 
make the total volume of the solution 1 L.   
 
Constituent Amount used Final concentration (M) 
Acetic acid (99.7 %) 5.6 ml 9.77 x 10
-2
 
Butyric acid (99 %) 2.8 ml 3.06 x 10
-2
 
Propionic acid 3.0 ml 4.00 x 10
-2
 
Isobutyric acid (99 %) 186 µl 2.01 x 10
-4
 
NaH2PO4.H2O 5.52 g 4.00 x 10
-2
 
NaHCO3 1.85 g 2.20 x 10
-2
 
Table 2.1 Constituents of simulated rumen fluid (SRF). 
 
2.4.2. Acetate-Ammonia Buffer 
 
 11.4 ml of acetic acid was mixed with 50 ml of ~1 M NH3 solution. The pH of 
the solution was further adjusted to the value of 4.00 either with acetic acid or ammonia 
and its volume made up to 1.00 L with water. 
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2.5. Stoichiometry: UV/Vis Spectrophotometry Studies  
 
2.5.1. Preparation of Solutions  
 
A stock solution of TM4 was prepared by dissolving 0.0197 g of TM4 in water 
to a volume of 500 ml, to give a final concentration of 1.50 x 10
-4
 M. 0.233 g 
Cu(NO3)2.2.5H2O was dissolved in SRF to a volume of 100 ml, then 3 ml of this 
solution were pipetted and the flask filled up to the mark (100 ml) with SRF. The 
concentration of the resulting Cu(II) stock solution was 3.00 x 10
-4 
M.  
 
Solutions with various ratios of Cu:TM4 were mixed, where the concentration of 
TM4 was kept constant and the concentration of Cu was varied, as described in Table 
2.2. First, the solution of Cu(II) was pipetted into the test tube, then the appropriate 
amount of the buffer solution (or SRF) was added, and finally the solution of TM4 was 
added into the mixture. TM4 can’t be mixed with the buffer solution, because at the pH 
4.00, TM4 in SRF undergoes very fast hydrolysis and the measurement wouldn’t give 
reproducible results. After the reaction time of 5.00 min (reaction is finished at this time 
and longer time would result in hydrolysis of unreacted TM4), UV/Vis spectrum of 
each solution was taken. For the blank, a solution containing 3 ml of water and 6 ml of 
buffer (SRF) was used. 
 
Following the procedure described above, similar solutions were prepared for 
the system containing Cu and TM3. 
  
For both systems, CuTM4 and CuTM3, solutions were also prepared as 
described above (Table 2.2), but in acetate-ammonia buffer instead of SRF. 
 
  
1
1
7
 
Molar ratio of 
reactants Cu:TM4 
Volume of stock 
Cu(NO3)2 (mL) 
Volume of TM4 stock 
solution (mL) 
Volume of 
SRF (mL) 
Total volume of the 
mixture (mL) 
Final Cu(II) 
conc. (M) 
Final TM 
conc.(M) 
3:1 4.50 3.00 1.50 9.00 1.50 x 10
-4
 5.00 x 10
-5
 
2.5:1 3.75 3.00 2.25 9.00 1.25 x 10
-4
 5.00 x 10
-5
 
2:1 3.00 3.00 3.00 9.00 1.00 x 10
-4
 5.00 x 10
-5
 
1.9:1 2.85 3.00 3.15 9.00 9.50 x 10
-5
 5.00 x 10
-5
 
1.75:1 2.63 3.00 3.37 9.00 8.77 x 10
-5
 5.00 x 10
-5
 
1.6:1 2.40 3.00 3.60 9.00 8.00 x 10
-5
 5.00 x 10
-5
 
1.5:1 2.25 3.00 3.75 9.00 7.50 x 10
-5
 5.00 x 10
-5
 
1.4:1 2.10 3.00 3.90 9.00 7.00 x 10
-5
 5.00 x 10
-5
 
1.25:1 1.88 3.00 4.12 9.00 6.27 x 10
-5
 5.00 x 10
-5
 
1.1:1 1.65 3.00 4.35 9.00 5.50 x 10
-5
 5.00 x 10
-5
 
1:1 1.50 3.00 4.50 9.00 5.00 x 10
-5
 5.00 x 10
-5
 
0.8:1 1.20 3.00 4.80 9.00 4.00 x 10
-5
 5.00 x 10
-5
 
Table 2.2 Volumes of stock solutions of 3.00 x 10
-4
 M Cu(II) and 1.50 x 10
-4
 M TM4 used to investigate ratio of Cu:TM4 in solution 
by UV/Vis spectrophotometry.  
  
1
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…table continues 
Molar ratio of 
reactants Cu:TM4 
Volume of stock 
Cu(NO3)2 (mL) 
Volume of TM4 stock 
solution (mL) 
Volume of 
SRF (mL) 
Total volume of the 
mixture (mL) 
Final Cu(II) 
conc. (M) 
Final TM 
conc.(M) 
0.67:1 1.00 3.00 5.00 9.00 3.33 x 10
-5
 5.00 x 10
-5
 
0.57:1 0.86 3.00 5.14 9.00 2.86 x 10
-5
 5.00 x 10
-5
 
0.5:1 0.75 3.00 5.25 9.00 2.50 x 10
-5
 5.00 x 10
-5
 
0.4:1 0.60 3.00 5.40 9.00 2.00 x 10
-5
 5.00 x 10
-5
 
0.33:1 0.50 3.00 5.50 9.00 1.67 x 10
-5
 5.00 x 10
-5
 
0:1 0 3.00 6.00 9.00 0.00 x 10
-5
 5.00 x 10
-5
 
Table 2.2 Volumes of stock solutions of 3.00 x 10
-4
 M Cu(II) and 1.50 x 10
-4
 M TM4 used to investigate ratio of Cu:TM4 in solution 
by UV/Vis spectrophotometry.
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The influence of the presence of histidine on the UV/Vis spectra of TM4 and 
CuTM4 in solution was investigated. 0.0198 g of His was dissolved in water to the 
volume of 200 ml, to give a solution of concentration 6.38 x 10
-4
 M. 0.0150 g of TM4 
was dissolved in water to the volume of 200 mL, giving a solution of concentration 3.00 
x 10
-4
 M. To prepare a solution of TM4 and His,  1.41 mL of the His solution and 3.00 
mL of TM4 solution were mixed and diluted to 9.00 mL, with the final concentration of 
both components being 1.00 x 10
-4
 M. 
 
For the CuTM4His solution, 0.0218 g of Cu(NO3)2.2.5H2O was dissolved in 
water to the volume of 100 mL, giving a 9.38 x 10
-4
 M solution of Cu(II). 3.00 mL of 
the TM4 solution, 1.41 mL of His solution and 0.96 mL of the Cu(II) solution were 
mixed together. The final concentration of all three components in the mixture was 1.00 
x 10
-4
 M. 
 
2.5.2. UV/Vis Measurements 
 
 Spectra were measured on a Varian Cary 500 instrument using quartz cells with 
the path length of 1 cm. The spectra were measured between 200 and 800 nm. The scan 
rate was set to 600 nm/min.  
 
 The UV/Vis spectra of the sets of CuTM3 and CuTM4 solution samples were 
measured after 5 min of reaction time. Only one scan for each solution was taken.  
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2.6. Preparation of Solid CuTM4 and CuTM3 Samples 
 
2.6.1. Reaction Time Studies 
 
10 ml of a stock solution of TM4 was prepared by dissolving 0.1041 g TM4 in 
water. 10 ml of a stock Cu(II) solution was prepared by dissolving 0.1166 g of 
Cu(NO3)2.2.5H2O in SRF. 2.83 ml of SRF, 4.67 ml of a stock Cu(II) solution and 4.50 
ml of stock TM4 solution were mixed together in a test tube. The resulting 
concentration of TM4 was 0.015 M and concentration of Cu(II) 0.0195 M, giving a 
molar reaction ratio of Cu(II):TM4 = 1.3:1. This mixture was allowed to react for 30 
min, during which time the solution was mixed with slow bubbling of Ar gas. After 30 
min, the solution was centrifuged for 2 min and the supernatant removed into a different 
test tube, which was allowed to sit for a further 30 min before being centrifuged again. 
This process was repeated every 30 min, up to 3 hours, giving in total 6 test tubes. The 
color of all solutions during and after the reaction was observed and recorded. The test 
tubes containing the precipitates were stored in a desiccator with P2O5 under vacuum 
until all the solid samples were dry (7-10 days). The mass of each precipitate obtained 
was recorded. 
 
The same experiment was also performed for mixtures of Cu(II):TM4 = 1:1 and 
of Cu(II):TM3 = 1.3:1 and 1:1. 
 
For the 1:1 Cu:TM4 and Cu:TM3 experiments, the remaining supernatant after 
the last (6
th
) sample was transferred to another test tube and reacted with an additional 2 
ml 0.0508 M solution of Cu(II), added dropwise, to see if further precipitation would 
occur. 
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2.6.2. Mass of Precipitate 
 
 To study the effect of varying the molar ratio of Cu:TM in the reaction mixture 
on the mass of the CuTM precipitate obtained an experiment was performed where 
several CuTM adducts were prepared. In the reaction mixture, Cu and TM were mixed 
at different molar ratios. The same procedure as described above (section 2.5.1) was 
used. The chosen molar ratios of Cu:TM were 0.5:1, 1:1, 1.2:1, 1.3:1, 1.5:1, 1.75:1, 2:1, 
2.5:1, 3:1 and 4:1. These were prepared at room temperature, one set in SRF and 
another set in acetate-ammonia buffer.  
  
 At certain ratios (1:1, 1.3:1 and 1.5:1) a few sets were prepared under slightly 
different conditions. One set was prepared in SRF but at 38°C, another at room 
temperature in SRF but in the presence of one equivalent of histidine and the last one, in 
water at room temperature (no histidine). 
 
2.7. Electron Paramagnetic Resonance (EPR) studies 
 
2.7.1. Preparation of Solid CuTM Samples for EPR 
 
If TM4 contained green crystals, prior to its use, it was ground with the mortar 
and pestle as finely as possible, in order to facilitate its dissolution. 25 ml of 0.040 M 
stock TM4 solution was prepared by dissolving 0.26 g of TM4 in SRF. 25 ml of 0.050 
M stock Cu(II) nitrate solution was prepared by dissolving 0.29 g Cu(NO3)2.2.5H2O in 
water. A series of solid samples was prepared by keeping the concentration of TM4 in 
these mixtures constant and varying the concentration of Cu(II), as shown in Table 2.3. 
 
 
  
1
2
2
 
Reaction molar 
ratio of 
reactants 
Cu:TM 
Volume stock 
TM solution 
(mL) 
Volume of stock 
Cu(II)(NO3)2 
solution (mL) 
 
Volume of SRF 
(mL) 
Total volume 
of the mixture 
(mL) 
 
Final Cu(II) 
concentration (M) 
 
Final TM 
concentration (M) 
2.00:1 4.51 7.18 0.31 12.00 0.030 0.015 
1.75:1 4.51 6.30 1.19 12.00 0.026 0.015 
1.60:1 4.51 5.76 1.73 12.00 0.024 0.015 
1.50:1 4.51 5.40 2.09 12.00 0.023 0.015 
1.25:1 4.51 4.49 3.00 12.00 0.019 0.015 
1.00:1 4.51 3.59 3.90 12.00 0.015 0.015 
0.80:1 4.51 2.87 4.62 12.00 0.012 0.015 
0.67:1 4.51 2.41 5.08 12.00 0.010 0.015 
0.50:1 4.51 1.80 5.69 12.00 0.0075 0.015 
Table 2.3 Volumes of stock solution of Cu(II)(NO3)2 and TM used to prepared samples for EPR analysis. The used stock solutions 
were of approximate concentrations of cCu = 0.05 M and cTM = 0.04 M. The Cu solution was made in SRF, the total concentration of 
SRF components was kept constant.
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Following the same procedure, a set of solid samples of CuTM3 was also 
prepared. These were prepared under the same conditions and at the same molar ratios 
of reactants. 
 
The appropriate amount of the Cu(II) nitrate solution was pipetted into each test 
tube, then the required amount of SRF. TM4 was added last to prevent any hydrolysis 
prior to the reaction with Cu(II)). Mixtures were allowed to react for 60 min while 
flushing with Ar. They were then centrifuged for 2 min in a Fisher bench centrifuge at a 
speed of 2700 rpm. Then the supernatant was removed with a Pasteur pipette. Another 
10 ml of SRF was mixed with each precipitate to remove all unreacted starting material. 
Samples were again centrifuged for 2 min and the supernatant removed. The remaining 
solids were then stored under vacuum for several days in a dessicator containing P2O5. 
 
 Following the procedure described above other samples were also prepared:  
- two samples contained only one equivalent of TM4 (its final concentration the 
same as previously mentioned) and no Cu(II). One of these samples was 
prepared in water and the other in SRF.  
 
- two further samples were prepared by mixing stock TM4 solution with a stock 
solution containing a different Cu(II) salt (Cu(II)SO4 or Cu(II)Cl2) at the molar 
ratio of reactants 1.5:1. These were prepared in SRF.  
 
To characterize the EPR signals, stock solutions of TM4 and of Zn(NO3)2 were 
mixed to prepare ZnTM4 solid sample at the molar ratios of reactants Zn(II):TM4 = 
0.5:1, 1:1 and 1.5:1 in SRF. At the 1.5:1 reactant ratio, a sample was also prepared by 
reacting a stock solution of Na2SO4 and a stock solution of TM4 in SRF.  
 
 Two samples of one equivalent of TM3 without any other component were 
prepared as described above. One sample was prepared in water and the other in SRF. A 
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stock solution of Zn(NO3)2 was reacted with stock solution of TM3 at the molar ratio of 
1:1 to obtain a solid sample of Zn-TM3. 
 
 In the later stages, for EPR measurements, new sets of CuTM3 and CuTM4 
samples were prepared using acetate-ammonia buffer instead of SRF. This buffer was 
prepared as described in section 2.4.2. 
 
  The procedure used in this preparation was otherwise the same as described 
above with SRF.  These samples were prepared with Cu:TM ratios of 0.5:1, 1:1, 1.2:1, 
1.3:1, 1.5:1, 1.6:1, 1.75:1, 2:1 and 2.5:1.   
 
2.7.2. EPR Measurements 
 
Spectra were collected on a Bruker X-band EPR spectrometer at a frequency of 
9.4 GHz, in quartz EPR tubes with 5 mm diameter. Center field was set to 3350 G with 
a sweep width of 1500 G or to 3400 G with a sweep width of 1000 G. Attenuation was 
30 dB (power 2.01 mW), receiver gain 1 x 10
4
, modulation frequency 100 kHz, 
modulation amplitude 1 G, time constant 81.92 msec and conversion time 327.68 msec. 
One scan was usually enough to obtain a good spectrum for each sample. 
 
For the semi-quantitative measurements, to obtain the ratio of Cu(II):TM, DPPH 
diluted with NaCl or KCl was used as an external standard. 
 
2.7.3. EPR Simulations 
 
 The spectra of solid EPR samples were simulated using Simfonia software as 
described in section 1.4.4.10.  
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2.8. Infrared (IR) Spectroscopic Studies 
 
2.8.1. Preparation of Solid CuTM Samples for IR Measurement 
 
 Three CuTM4 samples were prepared, with the molar ratio of reactants of 
Cu:TM4 = 1:1, 1.5:1 and 2:1. These were prepared following the same procedure used 
above for the samples prepared for EPR measurements (section 2.6.1).  
 
Three CuTM3 samples were also prepared, with the molar ratio of reactants 
Cu:TM3 = 1:1, 1.5 and 2:1. They were prepared following the procedure outlined in 
section 2.6.1.  
 
2.8.2. IR Spectra Measurements 
 
Prior to measurement, powdered CuTM samples were diluted with KCl with the 
ratio of KCl:CuTM approximately 1:1. IR spectra were measured using an FTS-40 mid 
IR spectrometer in the range of 400 – 1500 cm-1. 
 
2.9. Elemental Analysis of CuTM Samples 
 
 For elemental analysis, several different samples were prepared to observe the 
effect of various aspects of the environment in the mixture on the composition of the 
resulting adducts. 1:1 Cu:TM4 and Cu:TM3 mixtures were prepared containing one 
equivalent of histidine (His). 1:1 Cu:TM4 and one Cu:TM3 mixtures (without His) were 
also prepared at lower temperature. The solutions were pre-cooled to about 5 °C and the 
reaction mixture placed in an ice bath during the 1 hour reaction time. The procedure 
followed in the preparation of these samples was as described previously for EPR 
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samples preparation (section 2.7.1). The concentrations of the reactants in the reaction 
mixtures were kept at the same levels as for the samples prepared for EPR 
measurements. These solid samples were prepared in SRF. 
  
 To study the possible interaction between Cu(NO3)2 and SRF, a sample without 
TM was prepared. Cu(NO3)2.2.5H2O was dissolved in SRF to the same concentration as 
used in the sample CuTM4 with reaction ratio 1:1. The total volume of this solution 
mixture was 9 ml. The same procedure was followed as in the preparation of CuTM 
samples. 
 
 The elemental analysis on the solid samples prepared as described was 
performed by Geoanalytical Laboratories of the Saskatchewan Research Council, 
Saskatoon. 
 
2.10. Extended X-Ray Absorption Fine Structure (EXAFS) Studies 
 
2.10.1. Preparation of Solid CuTM Samples for EXAFS 
 
 For EXAFS measurements, solid samples of CuTM4 and CuTM3 were prepared 
following the same procedure as described above for EPR solid samples (section 2.7.1, 
table 2.2). These samples were prepared with the molar ratio of reactants Cu:TM4 being 
1:1, 1.5 and 2:1 and Cu:TM3 1:1, 1.5:1 and 2:1. All these samples were prepared in 
SRF. 
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2.10.2. EXAFS Measurements  
 
 Prior to the measurement of the EXAFS spectra (transmission mode) of the 
powder samples, these have to be diluted. The material for dilution should be chosen so 
it does not react with the studied sample and does not absorb at the energy used for the 
study (does not contain the element of interest).  
 
In this study, BN was chosen as a suitable dilutant. Sample dilution was 
determined by standard methods used at the CLS.  
  
 The mixture of CuTM solid and BN was then finely ground using mortar and 
pestle, mixing carefully to produce a uniform sample. The fine powder was then packed 
into the hole of an aluminum plate and the sample was sealed with Kapton tape. 
 
 Sometimes, the mass of the CuTM sample available was lower than the 
calculated needed mass. In that case, all the CuTM sample was mixed with the 
appropriate mass of BN to reach the total mass of 300 mg. As the absorbance doesn’t 
have to be an exact number but has limits (between 1 and 2), this was not a problem; the 
mass of CuTM was found sufficient to obtain satisfactory data for all the samples.   
 
 Spectra were collected at the HXMA beamline at the CLS, Saskatoon. For all 
the solid samples, spectra were measured at room temperature in transmission mode. A 
220 monocrystal was used and was detuned at 50 % in a mirror-mono-mirror focus 
mode. The ion chamber detector filled with 100 % nitrogen. For Mo K-edge 
measurements, a 17 µm Mo foil from EXAFS Materials, Danville, CA, USA was used 
for the calibration of the monochromator. For Cu K-edge measurements, a 7.5 µm Cu 
foil (EXAFS Materials) was used for calibration of the monochromator. Spectra were 
recorded from -200 eV below the edge up to 20k with a step size of 10 eV for the pre-
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edge, 0.4 eV at the edge and 0.05k above the edge with a typical total scan time of about 
35 min. Two or three spectra were collected and averaged for each sample. 
 
2.10.3. EXAFS Data Processing and Fitting 
 
The steps involved in data reduction were outlined in section 1.4.5.5. Here, more 
details will be provided relevant to the reduction of EXAFS data used in this study.  The 
data processing was performed using EXAFSPAK software
152
. 
 
1. Every scan was calibrated using the spectrum of the metal foil (17 µm Mo foil 
or 7.5 µm Cu from EXAFS Materials, Danville, CA, USA) that was measured 
at the same time as the actual sample. The first inflection point for the energy 
calibration was computed using the first derivative of the reference spectrum. 
This inflection point for each scan was shifted to the same value, usually the 
value from X-ray energies tables
80
. 
 
2. When multiple scans were collected for the same sample, good scans 
(complete, no glitches) were averaged to a single spectrum. At this point, the 
raw data was obtained.  
 
3.  To the raw data, the pre-edge background caused by instrumental noise and 
absorption from other edges was fitted and subtracted from the raw data. Then 
the spectra were normalized from 0 to 1. 
 
4. A spline was fitted to the data following the general trend in the data, but not 
the short-term oscillations. This is a function containing several intervals each 
having a polynomial of some order. The number of intervals and the 
polynomial order were adjusted so that the spline followed the data. The 
optimal number of intervals and the polynomial order were found to be 
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between 3 and 5. When only the near-edge spectrum was measured and 
processed, polynomial order was reduced to 2. 
 
5. In equation 1.27, the term µ0(E) is difficult to determine. µ0 in the subtracted 
term is replaced by the spline µspl and in denominator is replaced by an 
idealized, calculated µth, which is a Victoreen
153
:  
𝜇𝑡ℎ 𝐸 = 𝐶𝜆
3 − 𝐷𝜆4                2.5  
where λ is the wavelength. This function was scaled to the data. 
 
6. The spectrum was then plotted in k-space (section 1.4.5.2) and, using the Fast 
Fourier Transform, in R-space, which gives the plot of absorption intensity vs. 
interatomic distance R, in Å (section 1.4.5.3). If any strong peaks were 
observed at unrealistically low R, the spline was adjusted and the FT process 
repeated. Peaks at very small R (<1 Å) are artifacts.  
 
 Fitting of the processed EXAFS spectra using EXAFSPAK was done to 
accurately determine the coordination numbers and the interatomic distances in the 
studied molecules. Initial values were estimated from the Fourier transform of the 
spectra. These also gave an indication of the type of the backscatterer since the distance 
of the two atoms can be characteristic of the nature of these atoms (sections 1.4.5.6 and 
1.4.5.7). The initial coordination numbers were set to one. 
 
 The goodness of fit was judged by comparison of the experimental and predicted 
spectra in k-space as well as the Fourier transforms. Coordination numbers were 
adjusted based on the difference of the peak intensity of the measured and fitted 
spectrum and then spectrum was refitted. This was repeated until no further 
improvement of the fit could be obtained and satisfactory agreement between 
experimental and fitted spectrum was obtained. A supporting indicator of a good fit is 
the thermal disorder (ζ2), (section 1.4.5.3) which should be minimal. 
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2.11. XANES of Solid CuTM3TM4 Samples 
 
2.11.1. Preparation of Solid CuTM3TM4 Samples for XANES 
  
 Solid samples containing Cu, TM3 and TM4 were prepared to study the ratio of 
CuTM4 to CuTM3 in the system when all three components are present. 25 ml of 
approximately 0.10 M Cu(II) solution was prepared by dissolving 0.58 g of 
Cu(NO3)2.2H2O  in  acetate-ammonia buffer. 25 ml of approximately 0.040 M TM4 and 
25 ml of approximately 0.040 M TM3 solutions were prepared by dissolving 0.26 g 
TM4 and 0.47 g of TM3, respectively, in water.  
 
Cu(II) solution was mixed with one of the TM solutions and left to react for 15 
min, while being mixed with Ar. Then the appropriate amount of the other TM solution 
was added into the mixture and left to react for another 45 min. Total reaction time was 
60 min. The resulting concentration of TM3 added into the mixture was the same in all 
the samples: 0.015 M. After 1 hr of reaction time, each test-tube was centrifuged using a 
bench centrifuge for 2 min. The supernatant was removed and the precipitate mixed 
with another 10 ml of acetate-ammonia buffer. After this, each test-tube was centrifuged 
again for 2 min and the supernatant removed. This procedure was used to prepare solid 
samples with one equivalent of each TM4 and TM3 and one or two equivalents of 
Cu(II), as described in Table 2.4. 
 
To study the effect of the amount of Cu(II) on both TM3 and TM4 
simultaneously, another three solid samples were prepared by mixing all three reactants, 
TM3, TM4 and Cu(II) stock solutions at the same time (Table 2.4). In these, mixed 
solution containing both TM4 and TM3 was prepared and this one was added to the 
Cu(II) in acetate-ammonia buffer. These reaction mixtures contained one equivalent of 
each, TM4 and TM3 and one, one and half or two equivalents of Cu(II). Total reaction 
time was 60 min. The rest of the procedure was same as described above.
  
1
3
1
 
Molar ratio of reactants 
Cu:TM4:TM3 
Concentration of 
Cu(II)(NO3)2 (M) 
Concentration of 
TM4 (M) 
Concentration of 
TM3 (M) 
Order of mixing of reactants 
1:1:1 0.015 0.015 0.015 Cu + TM4 + 15 min TM3 
 0.015 0.015 0.015 Cu + TM3 + 15 min TM4 
 0.015 0.015 0.015 Cu + TM4 + TM3 
2:1:1 0.030 0.015 0.015 Cu + TM4 + 15 min TM3 
 0.030 0.015 0.015 Cu + TM3 + 15 min TM4 
 0.030 0.015 0.015 Cu + TM4 + TM3 
1:0.5:1 0.015 0.0075 0.015 Cu + TM4 + 15 min TM3 
 0.015 0.0075 0.015 Cu + TM3 + 15 min TM4 
1.5:1:1 0.023 0.015 0.015 Cu + TM4 + TM3 
Table 2.4 Preparation of CuTM3TM4 solid samples. The concentration of TM3 was kept constant, the concentration of TM4 and 
Cu(NO3)2 was variable. Samples Cu + TM3 + 15 min TM4 were prepared by adding the TM4 solution 15 min after mixing Cu(II) and 
TM3 solution. Samples Cu + TM4 + 15 min TM3 were prepared by adding TM3 solution 15 min after mixing Cu(II) and TM4 
solutions. Samples Cu + TM3 + TM4 were prepared by mixing all the three components at the same time. 
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2.11.2. XANES Measurements 
 
 Spectra were collected on the HXMA beamline at the CLS, Saskatoon. For all 
the solid samples, spectra were measured at room temperature in transmission mode. A 
220 monocrystal was used and was detuned at 50 % in a mirror-mono-mirror focus 
mode. The ion chamber detector filled with 100% nitrogen. For Cu K-edge 
measurements, a 7.5 µm Cu foil (EXAFS Materials) was used for calibration of the 
monochromator. Spectra were recorded from -20 eV below the edge up to 100 eV above 
the edge with a step size of 10 eV for the pre-edge, 0.5 eV at the edge and 5 above the 
edge with a typical total scan time of about 13 min. Three spectra (scans) were collected 
and averaged for each sample. 
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3. RESULTS AND DISCUSSION 
 
3.1. Introduction 
 
Various possible structures between Cu and TM have been shown to exist. Their 
nature depends on many reaction conditions, as was discussed in section 1.5.4. Some 
work has been done on the structural studies of these complexes in relation to the Cu 
deficiency in ruminants. However, no conclusive study has been published summarizing 
all the findings. The literature is also filled with controversial results not only between 
different researchers (eg. Laurie
120
 vs. Quagraine
16,147
) but even within the same 
research group (eg. Laurie, Eccleston
15,120,121
).  
 
In this chapter I present the results of a more thorough study on the Cu-TM 
interaction in solution as well as in the solid phase, in conditions similar to the 
biological environment of these species. Analyses of results from the several available 
techniques suitable for the study of such system will be discussed together. The 
combination of these results will be used in a determination of the precise nature of the 
interaction between Cu and the TMs. 
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3.2. TM Synthesis  
 
3.2.1. TM4  
 
 The amounts of reactants used in the synthesis of TM4 were increased to 5 times 
the amounts of reagents used in the procedure previously developed in our lab
16
. The 
reaction time was also extended to 6 hours (compared to the previously used 3 hours
16
). 
The longer reaction time was used to maximize the amount of TM4 as this is the last 
possible species that could be formed in the TM formation scheme (equation 1.30, 
section 1.6.5) and no other species could be formed. This should also minimize the 
contamination of TM4 solid by lower species, such as TM3 or possibly TM2. This 
increased time also leads to the increased amount of TM4, approximately 2.3 g (about 
44 % yield), much better than the 22 % previously obtained with the shorter reaction 
time
16
.  Solid TM4 was obtained with a purity 98 % (as determined by UV/Vis 
spectroscopy
151
) or better and no further Sephadex purification was needed.  
 
3.2.2. TM3  
 
 When starting with 2.5 grams of TM0 and corresponding amounts of other 
reactants, the mass of obtained TM3 was approximately 2.6 g. This corresponds to 53 % 
yield. This was lower than previously obtained TM3 (71 % yield
16
) which is probably 
due to the difference in the procedure, as no ice bath (see below) was used for the 
reaction mixture and therefore less solid precipitated. None of the reactants were pre-
cooled as they were in the original procedure
16
 because this usually results in the fast 
precipitation of TM2 out of the solution which was observed before addition of CsCl 
solution.  
 
 135 
 
The purity for several trials varied slightly for unknown reasons. For TM3 
synthesis when the reaction time was 5 min, the TM3 sample obtained was composed of 
91.5 % of TM3, 1 % TM2 and 7.5 % of TM4. For trials with a reaction time of 6.5 min, 
the purity of the TM3 obtained varied from 90 - 92 % of TM3 and the rest TM4. When 
the reaction time was extended to 7 min, the purity of the synthesized material was 
improved to 93.5 – 95.3 % of TM3 and the rest TM4. Longer reaction time, 8 min, 
produced TM3 of purity of 91 – 92 %. This extended reaction time (8 min) was too long 
and the worse purity of TM3 is due to the greater conversion of TM3 to TM4. The 
lowest reaction time used (5 min) resulted into TM3 samples contaminated by TM2 as 
well (with TM4) as the decreased reaction time resulted into incomplete conversion of 
TM2 to TM3.  In the study of the Cu-TM3 interaction, only TM3 of purity at least 94 % 
or better was used.  
 
3.3. UV/Vis: stoichiometry in solution  
 
As a TM reacts, the intensities of its characteristic UV/Vis bands decrease due to 
the decreasing concentration of free TM. Therefore, from the absorbances at these 
wavelengths, it is possible to find the concentration of unreacted TM remaining in the 
solution after the reaction is finished. From the spectrum with the minimum absorbance 
reached at the chosen wavelength, the concentration of Cu(II) needed to react with the 
maximum possible amount of TM is found. 
 
Similarly, if new peaks corresponding to the formed adduct between Cu and TM 
appear, these can be used to find the amount of Cu(II) needed to form the maximum 
amount of adduct at the constant concentration of TM (section 1.4.1.2). 
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3.3.1. Cu-TM4  
 
Wavelengths of 468, 317 and 242 nm represent peaks characteristic for TM4. 
 
 Several solutions were prepared with a constant initial concentration of TM4 
and variable concentration of Cu(II) and their UV/Vis spectra measured, as described in 
section 2.5. Results are shown in Figure 3.1. 
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Figure 3.1 Change in the UV/Vis spectra of TM4 with different amounts of Cu(II) 
added in acetate-ammonia buffer. 
 
The decline in absorbance at the three peaks characteristic for TM4 peaks with 
increasing Cu:TM4 ratio is shown in Figure 3.2. 
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Figure 3.2 Influence of the increasing amount of Cu(II) added to the solution (acetate-
ammonia buffer) of TM4 on the UV/Vis spectra.  
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For the absorbance measured at these wavelengths, a decrease was observed up 
to a certain ratio of reacting Cu(II):TM4. After this point, an increase of the absorbance 
was observed followed by the part where the absorbance levels off (no significant 
change observed) with increasing ratio of Cu(II):TM4. The data are shown with error 
bars representing standard deviations (based on three measurements). The errors bars 
for later data were similar.  
 
The decreasing absorbance shows the increasing amount of TM4 being reacted 
with the increasing amount of Cu(II) added into the solution. The slight increase of the 
absorbance for the ratio of Cu:TM4 higher than 1:1 could be potentially caused by a 
minor redissolution of the Cu-TM4 species. These are formed in the equilibrium 
reaction from Cu and TM4 and which further proceeds into a formation of insoluble 
polymeric CuTM4 species as proposed by Essilfie-Dughan (section 1.6.5, equation 
1.30). Fluctuations in the absorbance readings at higher Cu(II):TM4 ratios is most likely 
caused by the poor quality of collected data as this fluctuation is of different magnitude 
for different data sets (larger for 242 and 317 nm, lower at 468 nm). This might be due 
to the possible overlap of absorptions for several species at certain wavelengths, in this 
case of TM4 and CuTM4 (see below). 
 
To determine the point of the minimum absorbance reached for TM4 species 
(the ideal ratio of Cu:TM4) more accurately, the two parts of each data set were fitted 
with a straight line. This is calculated from the regression analysis of the measured data. 
The point of intersection of the two lines represents the ideal ratio of Cu:TM4. This is 
necessary to find the ratio from this intersection, as from the data plot alone, it is not 
always possible to determine accurately, especially in case of equilibrium reaction, 
where the curvature of the plot occurs (section 1.4.1.2, Figure 1.7). 
 
For the points close to the intersection of the two lines, it is difficult to 
determine if these belong to the first (change in absorbance) or second (stable 
absorbance) line, several scenarios were used in the regression analysis. The point 
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closest to the two imaginary lines is either included or excluded in the regression 
analysis of the two parts of the curve. 
 
For the data set at 242 nm, the point corresponding to the ratio of Cu:TM4 of 1.1 
was excluded. The resulting fits are shown in Figure 3.3A. The intersection of the two 
lines was found to be at the ratio of Cu:TM4 = 1.01:1. 
 
Since (see above) data collected at a ratio of 3.0 may be suspect, another 
regression analysis was performed on the second part of the data, where this point was 
excluded. Results are shown in Figure 3.3B. In this case, the intersection of the two 
lines was found at the ratio of Cu:TM4 = 0.87:1.  
 
 Next, the regression analysis was performed with the point of 1.1 (Cu:TM4 
ratio) being included in the both parts. The result of this fit is in Figure 3.3C. The 
intersection of the two lines was found to be at the ratio of Cu:TM4 = 1.04. 
 
If the point of Cu:TM4 = 3:1 is excluded from this regression analysis, the fit of 
Figure 3.3D is observed. The intersection of the two lines was found at the ratio of 
Cu:TM4 of 0.95:1. 
 
 140 
 
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
A
b
so
rb
an
ce
Ratio Cu:TM4
0.87
B
 
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
A
b
so
rb
an
ce
Ratio Cu:TM4
D
0.95
 
Figure 3.3 The intersection of the lines of theoretical absorbance change with increasing 
Cu:TM4 ratio in acetate-ammonia buffer at 242 nm. The graphs correspond to different 
fitting scenarios (points chosen) as described above. 
 
 The data set of 317 nm provided very poor data for regression analysis and 
fitting as the change in the absorbance of the spectra with increasing Cu:TM4 ratio is 
not as significant as for the other wavelengths. This data set was therefore not fitted. 
 
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
A
b
so
rb
an
ce
Ratio Cu:TM4
1.01
A
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
A
b
so
rb
an
ce
Ratio Cu:TM4
C
1.04
 141 
 
For data at 468 nm, the point corresponding to the Cu:TM4 ratio of 1.1:1 was 
excluded from the regression analysis of the two part of the curve. The fit using this 
regression analysis is in Figure 3.4A. The point of intersection was found at a Cu:TM 
ratio of 0.90:1. 
 
Next, the regression analysis was performed on the two parts of the data set with 
point of Cu:TM4 = 1.1:1 being included in the both lines. The fit using this regression 
analysis is shown in Figure 3.4B. The point of intersection was found at a Cu:TM4 ratio 
of 0.96:1.  
 
Figure 3.4 The intersection of the lines of theoretical absorbance change with increasing 
Cu:TM4 ratio in acetate-ammonia buffer at 468 nm. 
 
For the set of solution samples of Cu and TM4 mixtures with variable Cu:TM4 
ratio, at wavelengths of 279 and 362 nm (Figure 3.5), an increase of absorbance was 
observed with increasing Cu:TM4 ratio. At these two wavelength, the absorbance of 
TM4 is negligible and therefore these peaks represents the formation of CuTM4 adduct 
species. The data are shown with error bars representing standard deviations (based on 
three measurements). The errors bars for later data were similar. 
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Figure 3.5 Increase in absorbance of the CuTM4 characteristic peaks of the UV/Vis 
spectra with increasing Cu:TM4 ratio in acetate-ammonia buffer solution. 
 
For these two wavelengths, an increase of absorbance is observed up to a certain 
ratio of Cu:TM4 reactants. After that a slight decrease in absorbance is observed with 
further increase of Cu:TM4 ratio. This might be caused by a poor quality of data or by a 
possible precipitation or formation of some other species of the formed CuTM4 adduct 
and therefore its lower concentration. 
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To more accurately determine ratio of Cu:TM4 where the maximum amount of 
TM4 is reacted, regression analysis and fitting was performed, as described above for 
the decline in TM4 absorbance. 
 
For the 279 nm data, two regression analyses were performed. In the first, the 
point corresponding to the ratio of Cu:TM4 = 1.4:1 was excluded and in the second, this 
point was included in the regression analysis of both lines. Results are shown in Figure 
3.6 A and B, respectively. 
 
 When the 1.4 point was excluded from the regression analysis, the intersection 
of the two lines was observed at the ratio of Cu:TM4 = 1.06:1. When this point was 
included, the intersection was found at Cu:TM4 = 1.15:1. 
 
 The second scenario of the regression analysis was further modified. Due to the 
poor quality of the measured data, the point corresponding to the ratio of Cu:TM4 = 
2.5:1 was excluded from the regression analysis (1.4:1 included). This had no 
significant influence on the intersection of the two lines, as it was found at the ratio of 
1.14:1. 
 
 For the wavelength of 362 nm, the two regression analyses were performed: one 
with the point corresponding to the ratio of Cu:TM4 = 1.4:1 excluded from both parts of 
the data set (Figure 3.6C), and another, with this point included in both lines (Figure 
3.6D). The intersection of the two lines was observed at the ratio of Cu:TM4 = 1.18:1 
(Figure 3.6C) for the first fit and Cu:TM4 = 1.24:1 for the second fit (Figure 3.6D).  
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Figure 3.6 The intersection of the lines of theoretical absorbance change with increasing 
Cu:TM4 ratio in acetate-ammonia buffer at 279 nm (A, B) and at 362 nm (C, D). 
 
 From the regression analysis and fit results, the average ratio of Cu:TM4 in the 
solution was calculated (Table 3.1). This was found to be not statistically different from 
that previously found by E. Quagraine in solution (1:1)
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. Although several different 
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analysis, there is no significant difference between two trials used on the same set of 
data. 
 
Wavelength (nm) 
Ratio of Cu:TM4 where the intersection of the two lines 
was found 
 Fit one Fit two 
242 1.01 1.04 
317 -  
468 0.90 0.96 
279 1.06 1.15 
362 1.18 1.24 
Average Cu:TM4 ratio of 
intersection point 
1.1 ± 0.1 
Table 3.1 Ratio of Cu:TM4 in the Acetate-Ammonia buffer solution found at various 
wavelengths. 
 
In the earlier stages of the research, the same experiment was performed in SRF 
to find the ratio of Cu:TM4 in solution (Figure 3.7). The experiment was performed 
following the same procedure as described for experiment performed in acetate-
ammonia buffer. The results of the SRF experiment are summarized in Table 3.2. For 
most of the data sets, a point corresponding to Cu:TM4 = 0.5 was removed from the 
analysis because it was found far from the linear trend of the part of data. 
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Figure 3.7 Change of absorbance vs. Cu:TM4 ratio in SRF at several wavelengths. 
 
The ratio of Cu:TM4 found at 317 nm is significantly lower than those found at 
other wavelengths. This is caused by fairly poor quality of data obtained at this 
wavelength. Therefore this result wasn’t included in the calculation of the average 
Cu:TM4 ratio in SRF solution. The average ratio of Cu:TM4 was calculated from the 
results obtained at wavelengths of 468, 362, 279 and 242 nm using only results obtained 
by regression analysis of data where the bad data point was excluded. This calculation 
provided the average Cu:TM4 ratio in SRF solution of 1.0 ± 0.1:1.0, which is not 
significantly different than the ratio found in acetate-ammonia buffer (Table 3.1). 
Excluding a point from the fit and analysis of the data didn’t have a significant effect on 
the Cu:TM ratio (when compared with the analysis including all the measured point), as 
is observed from Table 3.2. 
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Wavelength (nm) 
Ratio Cu:TM4 for 
regression when all 
the points of the 
range are included 
Ratio Cu:TM4 for 
regression when the 
0.5 point excluded 
Range of regression 
468 0.80 0.83 0-1 and 1.25-3 
 0.88 0.91 full range 
362 1.09 1.12 0-1.1 and 1.4-3 
 1.15 1.17 full range 
317 0.54  0-0.8 and 1-3 
 0.65  full range 
279 0.95 0.99 0-1.1 and 1.4-3 
 1.04 1.06 full range 
242 0.96 0.99 0-1 and 1.25-3 
 1.01 1.03 full range 
Table 3.2 Ratio of Cu:TM4 in the SRF solution found at various wavelengths by 
regression analysis. 
 
 The wavelengths of TM4 and CuTM4 peak maxima are slightly shifted in SRF 
compared to acetate-ammonia buffer. This could be due to some reaction between the 
reactants and the medium. The discrepancy in the ratios obtained in different media 
might be due to partial hydrolysis of TM in SRF which is not observed in the buffer 
solution during the time of the experiment. The other major problem is the possible 
reaction of Cu(II) with the components of SRF, mainly carbonate and phosphate that 
results in the formation of precipitate and therefore decreased availability of free Cu(II) 
for the reaction with TM4 (section 3.6). This precipitation is not visible to the naked eye 
at the concentration used in here but was proved by the elemental analysis (section 3.6) 
and was also observed during the preparation of the solid samples, with much higher 
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concentration of the reactants. In general, these experimental problems resulted in fairly 
poor quality data (Figure 3.7) compared to data obtained in acetate-ammonia buffer. 
 
3.3.2. Cu-TM3 
  
 The UV/Vis spectra of the CuTM3 system are somewhat more complicated than 
the CuTM4 system. This is because the peaks characteristic of TM3 have significantly 
different absorptivities in different media. The position of the peaks is also different in 
water, buffer or SRF (Figure 3.8). 
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Figure 3.8 UV/Vis spectra of TM3 in three different solution media. 
 
 For the CuTM3 UV/Vis spectra, shown in Figure 3.9, the maximum 
absorbancies of the TM3 in acetate-ammonia buffer are found at 388, 446 and 462 nm.  
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Figure 3.9 UV/Vis spectra of CuTM3 with variable Cu:TM3 ratio in acetate-ammonia 
buffer. 
 
At these wavelengths, at very low Cu:TM3, the expected decrease of absorbance 
is observed with increasing ratio of Cu:TM3 reactants (Figure 3.10). At slightly higher 
ratios, the absorbance rapidly increases at both wavelengths. This most likely 
corresponds to the formation of new CuTM3 species which have strong absorptivities at 
these wavelengths. Close to the ratio of Cu:TM3 = 1:1, a maximum in the absorbance is 
reached, and further increase of Cu:TM3 yields no further changes in the spectra. 
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Figure 3.10 Change in the UV/Vis absorbance of the characteristic TM3 peaks. 
 
 The data sets measured at wavelengths of 388 and 446 were treated as the peaks 
characteristic of CuTM3 species. The regression analysis and fitting of the spectra, 
performed the same way as previously described for the CuTM4 system, provided a 
more accurate determination of the Cu:TM3 reaction ratio in the solution phase. The 
first part of the data was eliminated from the analysis for the three chosen wavelengths 
as this did not represent the formation of the new product, but rather disappearance of a 
reactant. The last point (Cu:TM3 = 3:1) was also eliminated from the analysis, as it did 
not follow the general trend of the curve. This might be caused by the concentration 
issue (not being the same as the rest of the solutions) or might be caused by the 
formation of some other product as the one studied for lower Cu:TM3 ratio. 
 
 The result of the analysis for the data set of 388 nm (Figure 3.11A) was 
performed on the data corresponding to the data points of Cu:TM3 ratio from 0.67:1 – 
2:1 due to the poor quality of data. In the first scenario, the point of Cu:TM3 = 1.25:1 
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was excluded. The intersection of the two lines was observed for a Cu:TM3 ratio of 
1.24. 
 
 When the Cu:TM3 = 1.25:1 data point was included in the regression analysis 
(Figure 3.11B) of both parts, the intersection of the two lines was observed at the ratio 
of Cu:TM3 = 1.22:1. 
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Figure 3.11 The intersection of the lines of theoretical absorbance change with 
increasing Cu:TM3 ratio in acetate-ammonia buffer at 388 nm.  
 
 For the data set of 446 nm, some of the data points were removed from the 
regression analysis due to the poor quality of data. The analysis was performed on the 
data corresponding the ratio of Cu:TM3 = 0.33:1 – 2:1. 
 
 In the first scenario (Figure 3.12A), data point corresponding to the Cu:TM3 
ratio of 1.25 was excluded from both parts of data. The intersection of the two lines was 
obtained at the ratio of Cu:TM3 = 1.30:1. 
 
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.12
0.14
0.16
0.18
0.20
0.22
0.24
0.26
A
b
so
rb
an
ce
Cu:TM3 ratio
A
1.24
 152 
 
 When the data point of Cu:TM3 = 1.25:1 was included in the regression analysis 
of both parts of data (Figure 3.12B), the intersection was observed at Cu:TM3 ratio of 
1.28:1. 
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Figure 3.12 The intersection of the lines of theoretical absorbance change with 
increasing Cu:TM3 ratio in acetate-ammonia buffer at 446 nm.  
 
 For the data set of wavelength of 462 nm (Figure 3.13A), the first scenario of 
the regression analysis was performed on the points of the ratio of Cu:TM3 = 0.33 – 
2:1, excluding data point corresponding to 1.25:1. The intersection of the two lines was 
observed at the Cu:TM3 = 1.27:1. 
 
 When the data point of Cu:TM3 = 1.25:1 was included in the regression analysis 
(Figure 3.13B) of the both parts of the data set, the intersection of the two lines occurred 
at Cu:TM3 = 1.26:1. 
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Figure 3.13 The intersection of the lines of theoretical absorbance change with 
increasing Cu:TM3 ratio in acetate-ammonia buffer at 462 nm.  
  
 At a wavelength of 338 nm (Figure 3.14A), no decrease of the absorbance with 
increasing Cu:TM3 reaction ratio was observed. The first addition of Cu(II) into TM3 
solution resulted in an increase of the absorbance of the spectra. The linear increase was 
observed up to Cu:TM3 ratios close to 1.25:1. Further increase of the Cu:TM3 ratio 
didn’t result in any significant changes in the absorbance. The wavelength of 338 nm is 
therefore characteristic of a newly formed CuTM3 adduct species. 
 
 To more accurately determine the ratio of Cu:TM3 species in the solution phase, 
regression analysis was performed on the whole set of measured data (from Cu:TM3 = 
0:1 – 3:1). In the first scenario, the point of Cu:TM3 = 1.25:1 was excluded from both 
parts. The intersection of the two lines was observed at the Cu:TM3 ratio of 1.18. 
 
 When the point of Cu:TM3 = 1.25:1 was included in the regression analysis ( 
Figure 3.14B) of both parts of data, the intersection of the two lines was observed at the 
ratio of Cu:TM3 = 1.14:1. 
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Figure 3.14 The intersection of the lines of theoretical absorbance change with 
increasing Cu:TM3 ratio in acetate-ammonia buffer at 338 nm.  
 
 From the results obtained at different wavelengths, the average ratio of Cu:TM3 
in the solution phase was calculated (Table 3.3). This is slightly higher than the ratio of 
(1.0 ± 0.1:1.0) found for Cu:TM4 in the solution phase (section 3.3.1) and also higher 
than the ratio Cu:TM3 = 1:1 previously found by E. Quagraine
16
.  
 
Wavelength (nm) 
Ratio of Cu:TM3 where the intersection of the two lines 
was found 
388 1.22 1.24 
446 1.30 1.28 
462 1.27 1.26 
338 1.18 1.14 
Average Cu:TM3 ratio of 
intersection point 
1.23 ± 0.05  
Table 3.3 Ratio of Cu:TM3 in the acetate-ammonia buffer found at various wavelengths 
by regression analysis. 
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 A similar analysis of earlier UV/Vis data collected in SRF gave an average ratio 
of Cu:TM3 in solution of 1.44 ± 0.07 which is slightly higher than in acetate-ammonia 
buffer.  
 
The ratio of Cu:TM3 in solution was found to be higher than Cu:TM4. The ratio 
of Cu:TM4 was statistically the same as that previously found 1:1
16,119
, although a 
higher ratio has been reported as well
121
. The ratio of Cu:TM3 was found to be 
significantly higher than previously published  (1:1)
16
 (Table 3.4). 
 
System Ratio Cu:TM  found in solution 
 
In this work: 
acetate-ammonia 
buffer 
In this work: SRF In literature 
CuTM4 1.1 ± 0.1 1.0 ± 0.1 1:1
16,119
, 1.5:1
121
 
CuTM3 1.23 ± 0.05 1.44 ± 0.07 1:1
16
 
Table 3.4 Comparison of the results of Cu:TM ratio found in solution. 
 
Later, these results will be compared with data obtained for Cu:TM3 and 
Cu:TM4 in the solid phase (section 3.6 and 3.11.2). 
 
The UV/Vis spectra of CuTM4His and CuTM3His did not show any differences 
compared to the spectra of CuTM4 and CuTM3 without His. Therefore it is concluded 
that the presence of His does not have any significant effect on Cu-TM interaction 
under these conditions used in this study. 
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3.4. TM4 and TM3 in Solution: Stability with Respect to Precipitation  
 
 When TM4 or TM3 are in aqueous solution at a concentration of 0.015 M and 
no Cu(II) is added, no precipitation is observed within an hour. However, when the 
same experiment is performed in SRF, MOPS or acetate-ammonia buffer, a precipitate 
can be obtained in one hour. This is most likely the formation of polymeric TM species 
which precipitate due to increased ionic strength (section 1.6.3). The addition of inert 
salts into the solution where the reaction between ions of the same charge occurs results 
in an increase of the rate constant of this reaction. Higher ionic strength favors the 
formation of a single, highly charged ionic complex from two less highly charged ions 
because the new ion has a denser ionic atmosphere and interacts with that atmosphere 
more strongly.
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3.5. Preparation of Solid Cu-TM Samples 
3.5.1. Reaction Time  
  
 To obtain the highest possible amount of the solid CuTM sample, a study was 
performed to optimize conditions. The mixture of Cu and TM was allowed to react for 
30 min, then the solid and solution were separated. The solution was allowed to sit for 
another 30 min, after which another portion of solid was removed. The six amounts of 
solid were removed in total from the same mixture, each after 30 min (see section 2.5 
for complete experimental details). The interaction of Cu and TM is fast; reaction can 
be observed to happen instantaneously. 30 min was chosen to allow sufficient time to 
produce the solid. Results are given in Table 3.5 and Table 3.6.  
 
 Most of the solid was precipitated the in first 30 min of the reaction time. The 
remaining samples of longer reaction time contained very little or no black (Cu-TM4) 
or brown (Cu-TM3) solid. The second and every subsequent sample have an 
insignificantly low mass and the samples of the longest reaction times (120-180 min) 
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contained also low amounts of white solid. This is probably due to precipitation of the 
buffer solution components. This was confirmed using carbon analysis, which showed 
29 % by mass of carbon in the CuTM4 sample prepared in MOPS. It is evident that 30 
min reaction time is sufficient to obtain the adequate amount of precipitate out of the 
solution, while avoiding possible contamination which becomes significant at longer 
reaction times. 
 
Time periods (min from 
mixing) 
Mass of the product (g) for Cu:TM4 mixed in molar ratio 
of: 
Cu:TM4 mixed 1.3:1 1:1 
30 0.0683 0.0593 
60 0.0006 0.0004 
90 0.0004 0.0001 
120 0.0012 0.0003 
150 0.0003 0.0004 
180 0.0015 0.0004 
Table 3.5 Mass of CuTM4 solid samples obtained over different time intervals. 
 
 The amount of CuTM solid obtained (Table 3.7 and Table 3.8) is less than the 
mass of reactants mixed for both systems, CuTM3 and CuTM4. This indicates that the 
reactants were not consumed completely during the reaction and unreacted species stay 
dissolved in the solution. This was also confirmed by the observation of the color of the 
supernatant solution. If the reactants were consumed completely, the solution would 
become colorless. However, the solutions were of red-brown color, indicating the 
presence of unreacted TM. 
 
 158 
 
Time periods (min from 
mixing) 
Mass of the product (g) for Cu:TM3 mixed in molar ratio 
of: 
Cu:TM3 mixed 1.3:1 1:1 
30 0.0653 0.0617 
60 0.0012 0.0007 
90 0.0006 0.0004 
120 0.0005 0.0004 
150 0.0006 0.0005 
180 0.0009 0.0004 
Table 3.6 Mass of CuTM3 solid samples obtained over different time intervals. 
 
 The weight of the obtained solid for the CuTM4 system is different for the two 
ratios studied. This suggests that if more Cu(NO3)2 is added into the reaction mixture, 
more will react and a higher mass of precipitate will be obtained. This, and the fact that 
a lower mass of solid than expected is obtained, suggest that the ratio of Cu:TM in the 
formed adduct might be different than the previously reported 1:1
16
. The same was true 
for the CuTM3 complex as well. This suggests that if more Cu is added, it might react 
with other components of the solution and these species coprecipitate together with 
CuTM species. 
 
 This mass dependence of the amount of solid on the ratio of reactants was 
investigated further and will be discussed later (section 3.5.5) together with the results 
from the elemental analysis (section 3.6) and results of EXAFS study (section 3.11.2). 
  
 
  
 
1
5
9
 
Mixed at 
ratio 
Cu:TM4 
c(NH4)2TM4 
(mol/l) 
V(NH4)2TM4 
(ml) 
Mass of 
(NH4)2TM4  
(g) 
cCu(NO3)2 
(mol/l) 
VCu(NO3)2 
(ml) 
Mass of 
Cu(NO3)2 (g) 
Total 
mass of 
reactants 
(g) 
Mass of 
precipitate 
obtained 
(g) 
1:1 0.0401 3.58 0.0374 0.0503 4.49 0.0424 0.0797 0.0609 
1.3:1 0.0400 4.50 0.0468 0.0501 4.67 0.0439 0.0907 0.0723 
Table 3.7 Comparison between total and obtained mass of CuTM4 solid samples. The molar masses used in the calculations are: for 
(NH4)2TM4 260.28 g/mol and for Cu(NO3)2 187.57 g/mol. 
 
Mixed at 
ratio 
Cu:TM3 
c(Cs2TM3) 
(mol/l) 
V(Cs2TM3) 
(ml) 
Mass of 
Cs2TM3  (g) 
c(Cu(NO3)2) 
(mol/l) 
V(Cu(NO3)2) 
(ml) 
Mass of 
Cu(NO3)2 (g) 
Total 
mass of 
reactants 
(g) 
Mass of 
precipitate 
obtained 
(g) 
1:1 0.0408 4.49 0.0868 0.0501 3.59 0.0337 0.121 0.0641 
1.3:1 0.0400 4.50 0.0853 0.0503 4.65 0.0439 0.129 0.0691 
Table 3.8 Comparison between total and obtained mass of CuTM3 solid samples. The molar masses used in the calculations are: for 
(NH4)2TM4 473.95 g/mol and for Cu(NO3)2 187.57 g/mol. 
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3.5.2. Observations of the Reaction of Cu and TM during Preparation of 
CuTM Adducts 
 
 When the solid CuTM samples (for EPR, section 2.7.1) were prepared in pH 
7.00 MOPS buffer solution to mimic the rumen pH environment, there was an 
interference from the precipitation of Cu(OH)2. Shortly after Cu solid was dissolved in 
buffer, cloudiness of the solution was observed. The solubility constant, Ksp, of copper 
hydroxide has a value of 4.8 x 10
-20
, and is governed by the expression   
Ksp= Cu
2+  OH- 
2
         3.1
   
The stock solution of Cu has concentration 0.05 mol/l. The concentration of OH
-
 ions at 
pH 7.00 buffer is 1.0 x 10
-7
 mol/l. The product of the concentration of ions 
 Cu2+  OH- 
2
= 0.05  10-7 
2
= 5.00 x 10-16     3.2
     
is larger than the Ksp of Cu(OH)2 at 25 °C (4.8 x 10
-20
)
155
 and therefore suggests that 
precipitation at this pH will occur. 
 
The mass of the solid obtained for the sample prepared using the same 
procedure varied, and amounts of desired adducts insufficient for any measurement 
were commonly observed. This might be caused by the interference of Cu and buffer 
where precipitation of Cu(OH)2 results into insufficient amount of Cu to react with TM. 
As mentioned previously, it is likely that MOPS was part of the formed solid adduct as 
carbon was found to be present in these samples. 
 
It was discussed previously that at pH 7, Cu will precipitate in the form of 
Cu(OH)2.  The precipitation was also observed for pH 6 and 5. The tabulated value of 
Ksp for Cu(OH)2 suggests that pH should be below 5 (concentration of OH
-
 below 9.8 x 
10
-10 
M) to avoid precipitation of Cu. This agrees with our observations, where at a pH 
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of 5 precipitation was observed, but at a pH of 4 it was not. Therefore, pH of the 
solution had to be lowered to a value of 4 to eliminate this interference.   
 
 As the MOPS is not a good buffer for lower pH values (pH 4), other buffers 
were used to prepare solid CuTM samples for spectral analysis (EPR, EXAFS, IR, 
elemental analysis). To mimic the conditions close to the biological environment of the 
ruminants, simulated rumen fluid was used (section 2.4.1).  
 
In the 0.05 M Cu(II) stock solution prepared for the preparation of solid CuTM 
samples for EPR (section 2.7.1), interaction of Cu(II) with components of SRF solution 
could be observed because of the cloudiness that appears in few minutes. However, this 
did not seem to cause problems as in the case of MOPS buffer (pH 7) discussed above 
for the preparation of Cu-TM adducts. Solid CuTM samples were obtained in quantities 
sufficient for spectral measurements (EPR, EXAFS, elemental analysis). The masses of 
the adducts obtained, given in section 3.5.5, were more consistent in SRF than MOPS 
for several trials using the same amounts of reactants. This was true for trials when TM 
was added to the Cu solution fast enough before the cloudiness and precipitation of Cu 
in SRF was observed. When the interaction between Cu and TM4 was previously 
studied
16
,  it was found that the adduct formed is very strong and none of the studied 
reagents (EDTA or S
2-
) could strip off the Cu from TM4. This was also observed for 
samples containing TM3
16
. Therefore the Cu-TM interaction is much stronger than the 
Cu-SRF interaction. The reaction between Cu and TM is most likely much faster than 
the reaction between Cu and components of SRF; for Cu-TM, precipitation is observed 
immediately upon mixing reactants together, but for Cu-SRF, it takes a few minutes for 
the cloudiness to be observed. 
 
As the interaction of the Cu-SRF solution might still cause problems (section 
3.5.3) during the preparation of solid CuTM samples for further analysis (EPR, 
EXAFS), the buffer solution was changed again. An acetate-ammonia buffer (section 
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2.4.2) was used instead of SRF. In a stock solution of Cu prepared for the reaction with 
TM to form adducts for spectral measurements, no interaction (cloudiness, 
precipitation) was observed at pH 4 between Cu and acetic acid and ammonia. Copper 
reacts with both of these components; however, in both cases, soluble products are 
formed, copper acetate and copper ammonium ion.  
 
Most of the studies were done in SRF but great effort was made to minimize the 
reaction between copper and components of SRF. In later stages of the study, acetate-
ammonia was used in the preparation of solid CuTM samples. The results of spectral 
analyses using both buffer solutions will be presented where available and the 
differences will be discussed in this chapter (section 3.11).  
 
3.5.3. Investigation of the Cu-SRF Interaction 
 
When Cu(II) is dissolved in SRF, formation of a precipitate is observed in about 
5 min at room temperature. Most likely this is either Cu phosphate or Cu carbonate 
because the other components (acids) of SRF do not form precipitates with Cu(II). To 
confirm this, two other experiments were performed. A sample of Cu(II) in carbonate 
solution produced a precipitate a few minutes after Cu(NO3)2 was added into the test-
tube, under comparable conditions to the SRF experiments. In a similar experiment with 
Cu(II) and phosphate, the formation of a precipitate was also observed. 
  
To further confirm this, a solid sample prepared by the reaction of Cu(II) and 
SRF was submitted to for elemental analysis. The results confirmed the presence of 
phosphate; the amount of phosphorus was found to be 14.1 % by mass and the amount 
of Cu 36.0 % by mass. Unfortunately, the amount of carbon was not determined. It is 
not known if the remaining 50 % is carbonate or other species. However, given that 
precipitation was observed for the Cu(II) in carbonate solution (absence of phosphate), 
it is most likely that both phosphate and carbonate form a precipitate with Cu(II).   
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The precipitation of these compounds might interfere with the formation of Cu-
TM adducts in two ways. Due to the formation of copper phosphate and copper 
carbonate the amount of Cu(II) available to react with TM added later to the solution is 
lowered. This could lead to faulty results for the true stoichiometry of the CuTM 
adducts. The other possibility is that added TM could also react with already formed 
Cu(II)-phosphate and/or Cu(II)-carbonate, which could contaminate the CuTM adducts. 
 
When Cu(NO3)2 was dissolved in the acetate-ammonia, no precipitation was 
observed before the reaction with TMs which also confirms the phosphate and 
carbonate species reacting with Cu. 
 
3.5.4. Color of the Reaction Solutions of CuTM Mixtures  
 
 During the preparation of the solid CuTM adducts for spectral analyses (EPR, 
EXAFS, elemental analysis), the sample in the test-tube was centrifuged after one hour 
of reaction time and the solution was separated from the solid (sections 2.7.1 and 
2.10.1). To remove the unreacted (soluble) species, solid samples were washed with 
another portion of acetate-ammonia buffer.  Samples of higher ratios (2:1 and 3:1) were 
also prepared following the same procedure for these observations. The color of the 
supernatant and washing solution was observed. 
 
3.5.4.1. Color of the Supernatant for Different Ratios 
 
For the CuTM4 samples, after the centrifuging step the supernatant was 
observed to be orange-brown in color for the samples mixed at ratios up to 1.2:1. This 
color can be attributed to the presence of unreacted TM4 species.  
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For higher ratios, 1.3 - 2.5:1, the supernatant was colorless. This suggests that all 
the TM4 was consumed completely during the preparation of the samples. However, 
solutions of low concentrations of Cu(NO3)2 (approximately 1 x 10
-4
 M) also result in 
colorless solutions. It is, therefore, not clear at this stage, if in this range complete 
consumption of Cu occurs for all the ratios or if some Cu is left unreacted in the 
solution for some ratios.  
 
For higher ratios, the color of the supernatant was observed to be light blue, 
clearly indicating the presence of unreacted Cu species.  
 
For CuTM3 adducts, orange colored supernatant was observed up to the reaction 
ratio of 1.6:1. A colorless supernatant was observed for reaction ratios of 1.75 – 2.5:1 
and a blue supernatant for higher ratios. 
 
This study therefore suggests that the ratio of Cu:TM in the formed adducts 
might be higher for TM3 than TM4. It also suggests that for both systems, the ratio of 
Cu:TM in adducts is higher than that previously reported 1:1.
16
   
 
3.5.4.2. Washing solutions 
 
For the samples of CuTM4 mixed at ratios up to 1.2:1 for Cu:TM4, the washing 
solution was of red-brown color. This could suggest the presence of the unreacted TM4 
species in the solid that dissolved with a new portion of buffer. Or it could be due to the 
dissolution of the CuTM4 precipitate. This is however not likely the case, as attempts to 
dissolve solid CuTM4 were not successful.   
 
For mixed ratios of 1.3 - 2.5:1, the supernatant was colorless. Therefore, it is 
very unlikely that solid CuTM4 would dissolve (above). The TM4 was completely 
consumed during the reaction. Cu might be completely consumed as well in this range 
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of used mixing ratios or a small amount might be still present which does not show any 
color. 
 
For ratios higher than 2.5:1, the supernatant was colorless. Therefore, it is likely 
that no unreacted species were present in the system and the unreacted Cu was 
dissolved and removed with the original supernatant.  
 
These results were obtained for the CuTM samples prepared by the same 
method in the SRF and acetate-ammonia buffer. It is concluded from this study that, 
when careful preparation is performed, there is no difference in the ratio of Cu:TM in 
the prepared samples between these two environments. 
 
A conclusion on the true stoichiometries cannot be made at this point. The 
results indicated only a range of possible stoichiometries. This is investigated further in 
other studies in the solid phase (section 3.6 and 3.8) and in solution (section 3.3). 
 
3.5.5. Mass of the Cu-TM Precipitate  
 
 Several CuTM4 solid adducts were prepared to study the effect of the variable 
Cu:TM reaction molar ratio on the mass of the obtained precipitate (section 2.6.2). 
During their preparation, the amount of the TM4 was kept constant and the amount of 
Cu(II) was varied to achieve the desired molar reaction ratio of reactants. Previous 
studies suggested that the ideal ratio of reactants of Cu:TM4 was somewhat higher than 
1:1, that in fact it was at least 1.2:1 (section 3.5.4). 
 
 The mass of the prepared adducts was studied to see if the amount of the solid 
would be the same for different amounts of Cu or if it would vary. As concluded from 
the supernatant color observation (section 3.5.4.1), it wasn’t clear if the ratio of 
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reactants is exactly 1.2:1 or if it can be in fact higher when more Cu is added. The study 
was performed on the samples prepared in SRF. 
 
 Three samples were also prepared in water (not buffered, room temperature) to 
observe possible effects of the buffer components on the mass of the solid. Three 
samples were prepared at higher temperature of 38°C (buffer), which is close to the  
biological temperature. Another three samples were prepared in the presence of 
histidine (His) (room temperature, buffer), to observe its effect on the sample masses. 
Histidine was chosen because it is thought that the interaction of the CuTM4 and 
peptides happens through the nitrogen atoms of the histidine molecule
16
. Results are 
given in Table 3.9 and Figure 1.15.  
 
 With increasing amount of Cu(II) added to the mixtures, an increasing mass of 
the precipitate obtained was observed for CuTM4 and CuTM3 samples. This was 
expected for the samples mixed at ratio lower than 1:1; as previously reported
15,119
 this 
ratio was found to be at least 1:1 in the formed solid. An increase of the mass of adduct 
was observed up to the reactant ratio Cu(II):TM4 of 2.5:1. This could mean that this 
high ratio is the actual true ratio of Cu:TM4 in the adduct. This agrees with previous 
observations of the supernatant color where above 2.5:1 ratio, unreacted Cu(II) was 
present in the solution. Therefore, if more Cu is available for the reaction with TM4 
more Cu(II) will be consumed during this reaction up to the 2.5 times the amount of 
TM4. The true ratio of the components in the adduct will be investigated further by 
elemental analysis (section 3.6). 
 
 
      
 167 
 
Cu:TM4 
Moles 
Cu(II) 
Mass 
product  in 
SRF (g) 
Mass of 
product at 
38°C (g) 
Mass of 
product with 
His (g) 
Mass of 
product in 
water (g) 
0.497:1 8.95 x 10
-5
 0.0592    
1.00:1 1.80 x 10
-4
 0.0718 0.0588 0.0765 0.0551 
1.20:1 2.16 x 10
-4
 0.0696    
1.30:1 2.34 x 10
-4
 0.0707 0.0702 0.0807 0.0603 
1.50:1 2.70 x 10
-4
 0.0754 0.0743 0.0844 0.0606 
1.75:1 3.15 x 10
-4
 0.0785    
1.87:1 3.36 x 10
-4
 0.0781    
2.50:1 4.50 x 10
-4
 0.0804    
3.00:1 5.40 x 10
-4
 0.0814    
4.00:1 7.20 x 10
-4
 0.0835    
Table 3.9 Mass of Cu-TM4 adducts obtained at different amounts of Cu(II) added into 
the reaction mixture and constant TM concentration. Total concentration of TM4 was 
0.015 M and total volume of the mixture was 12 mL. 
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Figure 3.15 Mass of precipitate of the CuTM samples influenced by the amount of 
Cu(II) mixed with TM and by environment. 
 
When the reaction mixture contained His in buffer solution, the mass of the 
precipitate increased. This indicates possibility of His being the part of the complex or 
might be caused by increased ionic strength pushing the equilibrium to the product side 
and therefore resulting into the formation of a larger amount of product
16
. This will be 
investigated further by elemental analysis (section 3.6).  
 
Solid CuTM4 samples were of lower mass when prepared in SRF at 38 °C 
compared to room temperature. This could be due to faster formation of Cu(II)-
phosphate and Cu(II)-carbonate precipitation which would lower the amount of Cu(II) 
available for the reaction with added TM. The fact that a formation of cloudy precipitate 
including Cu(II) in SRF was observed sooner (1-2 min) than at room temperature (5-7 
min) supports this hypothesis. 
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When the preparation of the samples was carried out in water (non-buffered 
environment), lower amounts of solid were obtained than in acetate-ammonia buffer. 
Each component added to the reaction mixture (acetate-ammonia buffer, SRF) can 
potentially interfere with the formation of the adducts in such a way that they become 
part of the Cu-TM adducts. This would result in a higher amount of product obtained. 
However, if this is an equilibrium system, the precipitation could also be enhanced by 
the presence of other molecules in the solution (buffer components). This would result 
in higher amount of precipitate than in their absence (water, non-buffered). 
 
The amount of solid obtained in SRF and acetate-ammonia was also compared 
(Table 3.10, Figure 3.16) to see if the environment has an effect on the precipitation. 
      
Cu:TM4 Moles Cu(II) 
Mass product  in 
SRF (g) 
Mass product  in 
acetate-ammonia 
buffer (g) 
0.497:1 8.95 x 10
-5
 0.0592 0.0489 
1.00:1 1.80 x 10
-4
 0.0718 0.0550 
1.20:1 2.16 x 10
-4
 0.0696 0.0624 
1.30:1 2.34 x 10
-4
 0.0707 0.0623 
1.50:1 2.70 x 10
-4
 0.0754 0.0623 
1.75:1 3.15 x 10
-4
 0.0785 0.0660 
1.87:1 3.36 x 10
-4
 0.0781 0.0673 
2.50:1 4.50 x 10
-4
 0.0804 0.0743 
3.00:1 5.40 x 10
-4
 0.0814 0.0707 
4.00:1 7.20 x 10
-4
 0.0835  
Table 3.10 Comparison of mass of CuTM4 precipitate obtained in SRF and acetate-
ammonia buffer. 
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Figure 3.16. Amount of solid CuTM4 obtained in SRF and acetate-ammonia buffer.  
  
 Below (Table 3.11) are results of the mass dependence of precipitate on the 
amount of Cu(II) added for the CuTM3 solid samples.  
 
For CuTM3 samples, it is again observed that with increasing amounts of Cu(II) 
in the reaction with TM3, increased amounts of precipitate are observed. 
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Cu:TM3 Moles Cu(II) 
Mass product  in 
SRF (g) 
Mass product  in 
acetate-ammonia 
buffer (g) 
0.501 9.02 x 10
-5
 0.0449 0.0441 
1.00 1.80 x 10
-4
 0.0605 0.0521 
1.20 2.16 x 10
-4
 0.0606 0.0566 
1.30 2.34 x 10
-4
  0.0568 
1.50 2.70 x 10
-4
 0.0634 0.0566 
1.60 2.88 x 10
-4
 0.0618 0.0621 
1.76 3.16 x 10
-4
 0.0637 0.0607 
2.01 3.61 x 10
-4
 0.0651 0.0634 
Table 3.11 Mass of CuTM3 precipitate obtained for different amounts of Cu(II) added 
to the TM3 solution. 
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Figure 3.17 Dependence of the mass of CuTM3 solids obtained on the molar ratio of 
Cu:TM3 in reaction in SRF and acetate-ammonia buffer. 
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From the data, the same trend is observed for the samples prepared in the two 
environments: increase in the mass of adduct when the amount of Cu(II) is increased. 
However, a higher amount of precipitate was observed when samples were prepared in 
SRF rather than acetate-ammonia buffer. The likely reason is that the interaction of Cu 
with SRF results in formation of insoluble species, and therefore a higher mass of solid 
is obtained. This hypothesis will be investigated later (section 3.6). Another possibility 
is that if the system is in equilibrium (equation 1.30, first step of reaction), then higher 
concentrations of species in the solution (buffer components) would result in lower 
solubility of CuTM3 species and therefore more precipitate.  
 
3.6. Elemental Analysis of Solid CuTM Samples 
 
 Solid CuTM samples were prepared at three different ratios in SRF at room 
temperature. At a molar reaction ratio of Cu:TM 1:1, samples of CuTM4 and CuTM3 
were prepared in buffer at low temperature to study the effect of the temperature on the 
stoichiometry. Another two samples were also prepared, one of CuTM4 and one of 
CuTM3 at room temperature in the presence of histidine. These samples were submitted 
to elemental analysis for Mo, Cu and S. Results are shown in Table 3.12.  
 
 From the results the ratios of these elements in the adducts were calculated 
(Table 3.13). 
 
 The ratio of Cu:Mo in the sample is not constant as the amount of Cu(II) 
introduced into the mixture increases. The true ratio of elements Cu:Mo is increasing 
with the increasing ratio of reactants introduced into the system. The variable ratios of 
these elements in their adducts were observed previously in the literature in many cases 
(section 1.5.4), depending on several factors, such as solvent and ligand, but are 
strongly dependent on the ratio of Cu:TM available. 
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Reactant ratio Conditions % Mo % Cu % S Total % 
Cu:TM4 = 1:1 Room T 19.3 16.9 36.7 72.9 
Cu:TM4 = 1:1 Room T, His 17.1 14.7 32.3 64.1 
Cu:TM4 = 1:1 Ice bath 19.2 16.8 35.5 71.5 
Cu:TM4 = 
1.5:1 
Room T 16.9 21.8 29.9 68.6 
Cu:TM4 = 2:1 Room T 14.5 24.2 32.9 71.6 
Cu:TM3 = 
1.:1 
Room T 19.6 17.1 28.1 64.8 
Cu:TM3 = 
1.:1 
Room T, His 16.9 14.4 26.0 57.3 
Cu:TM3 = 1:1 Ice bath 19.5 19.5 28.9 67.9 
Cu:TM3 = 
1.5:1 
Room T 14.7 24.6 27.4 66.7 
Cu:TM3 = 2:1 Room T 12.5 32.5 27.0 72.0 
Table 3.12 Results of elemental analysis: mass  percentage found in CuTM powders for 
Mo, Cu and S. The samples were prepared in SRF, at room temperature (room T), at 
lower temperature (ice bath, ~0-5 °C) and at room temperature in the presence of 
histidine. Results are expressed as % by mass. 
  
This dependence of the true (Cu:Mo molar ratio found by elemental analysis) on 
the reaction (mixed Cu:TM) ratio agrees with previously mentioned studies (section 
3.5.4), where observation of the supernatant solution suggested complete consumption 
of reactants in the range of mixing ratios of 1.2 – 2.5:1 and not only at one exact value. 
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 Ratio Cu:TM4  Conditions Cu:TM3  
Mixed Found     
 Cu:Mo S:Mo  Cu:Mo S:Mo 
1:1 1.32 5.69 Room T 1.32 4.29 
 1.30 5.65 Histidine 1.29 4.60 
 1.32 5.53 Low T 1.51 4.44 
1.5:1 1.95 5.30  2.53 5.58 
2:1 2.52 6.79  3.92 6.46 
Table 3.13 Mass ratios for the CuTM3 and CuTM4 samples prepared in SRF, as 
determined by elemental analysis. 
 
  From the results, it is also observed that presence of histidine does not have a 
significant effect on the ratio of Cu:Mo (Table 3.13); however, given the literature 
results, it is possible that His affects the structure. This will be studied and discussed 
later (section 3.11.2). 
 
 For CuTM4 adduct, no significant effect was observed when the sample was 
prepared at a lower temperature. For CuTM3 sample, the sample prepared at lower 
temperature has a higher ratio of Cu:Mo. This however might be caused by the 
difficulty of dissolving TM3 at lower temperature. The TM3 that precipitated before 
Cu(II) was added would be removed during the washing step as at this time it might 
redissolve again.  
 
 Later, new samples were submitted for elemental analysis (Table 3.14). These 
were prepared by the same method as before, but acetate-ammonia was used as the 
buffer. As it had been determined that including His or lowering the temperature does 
not have a significant effect on the stoichiometry, these samples were not studied again.  
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Sample mixed % Mo % Cu % S Total % 
Cu:TM4 = 1:1 18.5 18.0 37.1 73.6 
Cu:TM4 = 1.2:1 18.6 22.3 3.4 79.3 
Cu:TM4 = 1.5:1 16.2 24.3 33.7 74.2 
Cu:TM4 = 2:1 16.4 29.2 33.0 78.6 
Cu:TM3 = 1:1 18.0 19.6 25.1 62.7 
Cu:TM3 = 1.2:1 16.5 22.0 22.2 60.7 
Cu:TM3 = 1.5:1 15.9 27.4 21.4 64.7 
Cu:TM3 = 2:1 15.3 27.6 19.7 62.6 
Table 3.14 Results of elemental analysis: weight percentage found in CuTM powders 
for Mo, Cu and S. Samples were prepared in acetate-ammonia buffer. 
 
 Again, the ratios of elements were calculated and are presented in Table 3.15. 
 
Ratio Cu:TM4  Cu:TM3  
Mixed Found    
 Cu:Mo S:Mo Cu:Mo S:Mo 
1:1 1.47 6.00 1.65 4.17 
1.2:1 1.81 6.18 2.01 4.03 
1.5:1 2.27 6.22 2.60 4.03 
1.75:1 2.69 6.02 2.72 3.85 
Table 3.15 The molar ratio of elements in samples prepared in acetate-ammonia buffer 
as found by elemental analysis. 
 
 176 
 
 In these samples, the ratio of Cu:Mo was found again to increase with the 
increasing amount of Cu available in the reaction mixture. However for these samples, a 
slightly higher ratio of Cu:Mo was found for the prepared adducts than in the previous 
samples prepared in SRF. This might be caused by avoiding interferences that were 
observed previously in the SRF environment (section 3.5.3).   
  
It is also observed that the Cu:Mo ratio found by elemental analysis is somewhat 
higher than the reaction ratio used in the solution mixture. Therefore each molybdenum 
entity most likely reacts with more than one Cu entity. In this case, some TM would be 
left unreacted and all the Cu would be consumed in the reaction. The unreacted TM, 
which is soluble, is then left in the solution and does not precipitate as solid. Another 
possibility is that TM in solution undergoes hydrolysis (loss of sulfur atoms) before it 
reacts with Cu. The hydrolysis might be partial (lower TM than dissolved reactant) or 
complete (formation of TM0). Sulfide species then react with Cu which decreases Cu 
availability for reaction with TM4. Soluble species (lower unreacted TMs, including 
possibly TM0) are then left in the solution phase, do not contribute to the total mass of 
the solid product and are left out of the measurements of elemental analysis.   
 
It is also interesting that the amount of Cu in the adducts is higher for the 
samples prepared with TM3 than TM4, although it was reported previously that Cu 
would preferentially bind to TM4 because of its high S content. Previous studies in our 
group by Quagraine showed the ratio of Cu:Mo to be same (1:1) for both systems in 
solution (section 1.6). This will be studied further by other spectroscopic techniques 
(EPR, EXAFS), see sections 3.8 and 3.11.  
  
 For both sets of samples, in acetate-ammonia buffer and in SRF, the ratio of 
S:Mo is higher than expected  in all the studied samples. The original TMs have S:Mo 
ratios of 4:1 (TM4) and 3:1 (TM3) and the higher sulfur amount found by the elemental 
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analysis is therefore unexpected. The only source of sulfur in these systems is the TM 
used.  
 
There is a possibility of TM3 disproportionation into TM2 and TM4; however, 
there is no such possibility for TM4. If we assume that all the Cu(II) introduced into the 
mixture reacts and is used up, then from the composition results it is evident that some 
of the TM is unreacted after an hour of reaction time. This would either stay dissolved 
in the solution or would precipitate as TM polymeric species. The unreacted TM 
molecules most likely undergo hydrolysis which is significant in an hour of the reaction 
time and at the concentration used in the experiment. 
 
This would be the source of sulfur which can now react with the Cu-TM 
complex or any unreacted Cu to form Cu-S species which are insoluble and would also 
precipitate.  
 
The most likely option is the first one, sulfur interaction with the Cu-TM 
complex, because Cu-TM formation is much faster than the hydrolysis of the TM. To 
chose between these possibilities, we have to look at structural studies (section 3.11). 
  
 If the ratio of Cu:TM increases with an increasing availability of Cu(II), then 
there might be not enough TM to reduce all the Cu(II) to Cu(I) even if all the Cu is 
bound to TM. In that case the final adduct, insoluble polymeric precipitate, would 
contain both, Cu(I) and Cu(II) at higher amounts of Cu available in the system. More 
insight into this will be provided by EPR (section 3.8) and XANES (section 3.11.1) 
analyses on the solid CuTM samples.  
 
 Based on the results of the elemental analysis, the true stoichiometry of the 
reactants Cu:TM can be calculated for all the prepared adducts that were studied by 
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other spectroscopic techniques (mainly EPR used more samples at different ratios). 
Regression analysis provided linear equation of the dependence of stoichiometry on the 
mixed ratio. For CuTM4 dependence is  
y = (1.61 ± 0.02)x + 0.14 (± 0.03) with R
2
 = 0.9996  
and for CuTM3 it is  
y = (1.5 ± 0.2)x + 0.22 (± 0.3) with R
2
 = 0.9526  
where x = mixed molar Cu:TM ratio and y = found Cu:TM ratio. The interpolated 
stoichiometries of the other CuTM solid adducts are below (Table 3.16). 
 
Mixed molar ratio Cu:Mo 
Ratio Cu:Mo obtained from 
elemental analysis 
Interpolated Cu:Mo ratio 
0.50  0.68 
1.00 1.47  
1.20 1.81  
1.30  1.96 
1.50 2.27  
1.60  2.44 
1.75 2.69  
2.00  3.09 
2.50  3.90 
Table 3.16 Interpolated stoichiometries of the solid CuTM4 adducts based on the results 
(second column) obtained from the elemental analysis. 
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Mixed molar ratio Cu:Mo 
Ratio Cu:Mo obtained from 
elemental analysis 
Interpolated Cu:Mo ratio 
0.50  0.96 
1.00 1.65  
1.20 2.01  
1.30  2.15 
1.50 2.60  
1.60  2.60 
1.75 2.72  
2.00  3.19 
2.50  3.94 
Table 3.17 Interpolated stoichiometries of the solid CuTM3 adducts based on the results 
(second column) obtained from the elemental analysis. 
 
3.7. CuTM3TM4  
 
 Several mixtures were prepared that contained three reaction components: 
Cu(II), TM3 and TM4. Samples were prepared at different molar ratios of the three 
components and different mixing order as well. Details on their preparation can be 
found in section 2.11.1. These solid samples were prepared to study the interaction of 
Cu(II) with both TMs together and investigate its potential preference to bind TM4 
rather than to TM3 because of the difference in sulfur content. This could be studied by 
analysis of the XANES spectra of the solid samples. The oxidation state of the copper in 
the resulting adducts will also be studied by XANES. Results of the XANES analysis 
will be discussed later (section 3.11.1), here the observation of the masses of adducts 
obtained will be presented (Table 3.18). 
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Composition of the sample 
and molar ratio of 
reactants 
Mass of the precipitate 
obtained (g) 
Theoretical mass of the 
precipitate 
(mCu(NO3)2+mTM4+mTM3) 
(g) 
Cu+TM3+TM4   
1:1:1 0.1054 0.166 
2:1:1 0.1142 0.200 
1.5:1:1 0.1152 0.183 
Cu+TM4+15 min TM3     
1:1:1 0.1068 0.166 
2:1:1 0.1085 0.200 
1:0.5:1 0.0794 0.143 
Cu+TM3+15 min TM4   
1:1:1 0.1023 0.166 
2:1:1 0.1195 0.200 
1:1:0.5 0.0819 0.143 
Table 3.18 Mass of the Cu-TM3-TM4 solid samples obtained. In the first set, TM3 and 
TM4 were added to the Cu(II) solution at the same time. In second, TM3 was added 15 
min later than TM4 and third, TM4 was added 15 min later than TM3. 
  
 When the TM3 and TM4 reactants were mixed together with Cu at the same 
time (the first three samples in a Table 3.18), no significant difference in the mass of the 
CuTM3TM4 precipitate was observed for different amounts of Cu(II) in the mixture. 
The mass of the final adduct obtained was only slightly lower with 1 equivalent of 
Cu(II) compared to 1.5 and 2 equivalents. This confirms the hypothesis that if the larger 
amount of Cu(II) is added into the solution, more Cu(II) will react with the TM present. 
At lower amounts of Cu(II), formation of polymeric TM species is more significant.  
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 The actual amount of the CuTM3TM4 precipitate obtained is lower than the sum 
of the masses of the reactants (last column in the Table 3.18). Therefore, not all of the 
reactants were completely consumed in the reaction and the unreacted part stayed 
dissolved in the solution. 
 
 For both ratios, 1:1:1 and 2:1:1, the order in which TMs are added doesn’t seem 
to influence the amounts of adduct produced (Table 3.18). This is probably because 
very similar products are formed for the same ratio of reactants. This could be caused 
by the interconversion between present TMs (TM3 ⇆ TM4) which would then lead into 
formation of the same product without effect of the order of mixing. Or it could be 
caused simply by unreacted Cu reacting with the second added TM; therefore for both 
orders of mixing, the same products will be formed in the end. 
 
 The mass of the CuTM3TM4 solid adducts was compared to the mass of 
CuTM3 and CuTM4 adducts. Results are summarized in Table 3.19. 
 
The amount of the solid obtained when Cu and two TMs are present is larger 
compared to when only one equivalent of one of the TMs is present. This suggests that 
upon the addition of TM at later stage to the reaction mixture, this TM reacts with the 
already formed CuTM adduct and produces an adduct of a larger mass (Table 3.19), or 
that unreacted Cu reacts with the second TM added and therefore more precipitate is 
obtained. This agrees with previous findings which showed that if more Cu is present 
(in ratio with TM), more will react (Table 3.10). It also agrees with the results of 
elemental analysis, where it was observed that the ratio of Cu:TM in the solid can be 
variable and depends on the reaction ratio of Cu:TM (section 3.6). 
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Mass (g) for the sample mixed at ratio 
Sum of mass of 
CuTM4 + CuTM3 
Mass of CuTM4TM3 
mixed at ratio 
Cu:TM4 = 1:1 CuTM3 = 1:1  2:1:1 
0.0550 0.0521 0.1071 0.1142
a
 
   0.1085
b
 
   0.1195
c
 
CuTM4 = 0.5:1 CuTM3 = 0.5:1  1:1:1 
0.0489 0.0441 0.0930 0.1054
a
 
   0.1068
b
 
   0.1023
c
 
Cu:TM4 = 0.5:0.5 CuTM3 = 0.5:1  
Cu+TM4+15 min TM3 
= 1:0.5:1 
0.0275 0.0441 0.0716 0.0794 
CuTM4 = 0:1 CuTM3 = 1:1  
Cu+TM3+15 min TM4 
=1:1:0.5 
0
d
 0.0521 0.0521 0.0819 
Cu:TM4 = 1:1 CuTM3 = 0.5:1  Cu+TM3+TM4=1.5:1:1 
0.0550 0.0441 0.0991 0.1152 
Table 3.19 Mass of CuTM3TM4 adducts compared to the masses of CuTM3 and 
CuTM4 adducts. 
a
mixed at the same time, 
b
TM3 added 15 min later, 
c
TM4 added 15 
min later, 
d
assumes all the Cu(II) reacted with TM3 and TM4 added 15 min later is 
assumed not to react because there is no more free Cu(II) available. 
 
The mass of the final adduct formed is a little larger than the sum of the masses 
of CuTM3 = 1:1 and CuTM4 = 1:1 when formed separately in two different solutions 
(Table 3.19). The interaction of the three components, Cu, TM3 and TM4 therefore 
leads to the greater consumption of the reactants than a reaction of only two 
components, Cu and TM.  
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 In the experiment where Cu was mixed with TM3 and lower amount (half 
equivalent) of TM4 was added 15 min later to the mixture, the amount of solid obtained 
was larger than for mixture of only two components, Cu and TM3 (Table 3.19). 
Therefore, TM4 can still react with already formed CuTM3 precipitate, even if it is 
added at later stage. 
 
 If Cu was reacted with TM4 first and TM3 was added to the reaction mixture 
later, the mass of the obtained precipitate was larger than mass of precipitate of the 
reaction between only two components, Cu and TM4 (Table 3.19). Therefore, added 
TM3 at later stage to the reaction mixture still reacts with already formed CuTM4 
precipitate. This agrees with previous findings, where an increase in the reaction ratio of 
Cu:TM resulted in an increased mass of formed product (Table 3.7).  
 
3.8. EPR of Solid CuTM Samples 
  
3.8.1. EPR Spectra of Starting Materials 
 
 Solid samples of TM3 and TM4 as prepared (sections 2.2 and 2.3) had no 
features in their EPR spectra. All the elements are in a diamagnetic state; Mo
6+
 and S
2-
 
possess no unpaired electrons.  
 
 Cu(NO3)2 contains copper in the oxidation state +2, which has one unpaired 
electron and is therefore paramagnetic (Figure 3.18).  
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Field (G)
 
Figure 3.18 EPR spectrum of solid Cu(NO3)2. 2.5H2O (used as the reactant in the 
reaction with TMs). More information can be found in section 1.4.4.10. 
  
If upon the reaction of TM with Cu any peaks are observed in the EPR spectrum 
of the adduct, these peaks are due to reduced Mo, oxidized S or Cu(II) species. Mo has 
two paramagnetic oxidation states, Mo(V) and Mo (III). S(-I) is paramagnetic. Cu(I) 
and Cu(III) are both diamagnetic and therefore EPR inactive. Details of the EPR 
characteristics of these elements can be found in the sections 1.4.4.9, 1.4.4.10 and 
1.4.4.11. 
 
Several peaks are observed in the spectra of CuTM4 and CuTM3 adducts. The 
same peaks (same field values) are observed in all measured samples, however their 
intensity and the resolution changes as TM used in the sample and the amount of Cu(II) 
changes.  
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3.8.2. CuTM4 adducts 
 
3.8.2.1. Identity of the EPR Peaks 
 
 The EPR spectrum of a CuTM4 adduct is shown in Figure 3.19. 
3000 3200 3400 3600 3800
Field (G)
 
Figure 3.19 EPR spectrum of a CuTM4 solid sample (the molar reaction ratio Cu:TM4 
= 1:1 prepared in SRF) taken at room temperature. 
 
 A set of three peaks is observed at B = 3275-3400 G for CuTM4 samples and 
another peak at approximately 3475 G. The g-factor values of all these peaks are 
between 1.9 - 2.1; it is difficult to decide the nature of the element in which the 
unpaired electron resides. Based on literature g-factor values, it could be any of the 
three studied elements, Mo, Cu or S (sections 1.4.4.9, 1.4.4.10 and 1.4.4.11). 
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 When we look at the spectrum, the three peaks situated at the lower field and the 
peak situated at higher field value have different linewidths. Again, the range of 
linewidths are characteristic for all three of the elements studied here (sections 1.4.4.9, 
1.4.4.10 and 1.4.4.11), so it is difficult to determine based on this the nature of the 
element. However, due to the differences in linewidths, it is most likely that the 
spectrum is composed from signals due to more than one element. 
 
 Several experiments were done to determine the nature of the peaks in the EPR 
spectra of CuTM samples. These include a precipitate of Zn-TM4 (no Cu used), Na-
TM4 and precipitate of TM4 in absence of any other metal in buffer solution (section 
2.7.1). To study the effect of the Cu compound anion on the EPR spectrum, several Cu-
TM4 precipitates were also prepared using different salts of Cu(II): CuCl2, CuSO4 
instead of Cu(NO3)2 (section 2.7.1). 
 
A similar spectral feature to the first set of three peaks was observed in the EPR 
spectra of the samples Zn-TM4 and Na-TM4. It is unlikely that TM4 would have any 
redox effect on sodium, yet an EPR spectrum is obtained of this solid sample to produce 
paramagnetic species. Therefore these peaks are most likely due to an unpaired electron 
on or in the proximity of Mo or S. This agrees with previously reported simulations in 
the literature
121
.  
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Figure 3.20 EPR spectrum of Zn-TM4 mixed at a ratio of 2:1 of Zn:TM4. 
 
2800 3000 3200 3400 3600 3800 4000
Field (G)
 
Figure 3.21 EPR spectrum of Na-TM4 precipitate. 
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 To confirm the presence of an Mo or S paramagnetic signal rather than a signal 
due to any other added metal, a spectrum of TM4 precipitate in the absence of any other 
metal (other than Na
+
) in the buffer solution was measured (Figure 3.22). 
2400 2600 2800 3000 3200 3400 3600 3800 4000 4200
Field (G)
 
Figure 3.22 EPR spectrum of TM4 precipitate in SRF in absence of Cu. 
 
 Part of the Zn-TM4 spectrum is similar to the CuTM4 spectrum. The indication 
of the set of three peaks is observed at about 3300 – 3400 G, as in the EPR spectra of 
CuTM4. They are, however, less resolved in the TM4 sample spectrum although 
present at the same field value. Due to the fact that the signal-to-noise ratio is fairly 
small (high noise observed) in the measured spectra, it is suspected that the 
concentration of these paramagnetic species is low and they are present as minority 
species in the sample (section 4.4).   
 
The peak at 3475 G in Figure 3.19 is only present for the samples prepared with 
Cu(II)(NO3)2. It is probably due to an unpaired electron in proximity to Cu, either 
unreacted Cu(II) species or Cu(II) species present in the complex with TM4. However, 
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the EPR spectrum of the reactant Cu(NO3)2 (Figure 3.18) has different features and for 
the CuTM4 samples, the same peak is observed regardless of the Cu(II) salt used 
(Cu(NO3)2, CuCl2, CuSO4) (Figure 3.23).  
3000 3200 3400 3600 3800
Field (G)
Cu(NO
3
)
2
 + TM4
CuCl
2
+TM4 CuSO4 + TM4
 
Figure 3.23 Comparison of the EPR spectra of CuTM4 samples mixed with Cu(II) from 
three different salts. Reactants were mixed at ratio of Cu:TM4 = 1.5:1 for all three 
samples studied.  
 
The sample of precipitated Cu(II) in SRF, in absence of any TM, also shows 
different features (Figure 3.24).  
 
It is noticeable that in the EPR spectrum of the Cu(II) precipitated in SRF, the 
level of noise is significantly higher compared to the other CuTM4 samples. This means 
that this signal in Cu(II) precipitate is very low. On top of it, the signal is very broad 
and is therefore significantly different than a peak of 3475 G in the EPR spectra of 
CuTM4 samples. Therefore the peak at 3475 G in the CuTM4 samples is most likely 
some paramagnetic Cu species present in the adduct. 
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Figure 3.24 EPR spectrum of a sample of Cu(II) precipitated in SRF. 
    
3.8.2.2. Intensity of the EPR Peaks  
 
 Several CuTM4 solid samples were prepared with a constant amount of TM4 
and variable amounts of Cu(II) as reactants (section 2.7.1). The assignments of the EPR 
peaks of their spectra were described above. All the CuTM4 samples show peaks at the 
same positions.  The intensity of the peaks is, however, changing with increasing Cu(II) 
input into the reaction mixture (Figure 3.25 and Figure 3.26). This dependence will be 
discussed here. 
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Figure 3.25 The effect of increasing amount of Cu(II) in reaction with TM4 on the EPR 
spectra of solid Cu-TM4 samples prepared in acetate-ammonia buffer. a. Cu:TM4 = 
0.68:1 (0.5:1), b. Cu:TM4 = 1.48:1 (1:1), c. Cu:TM4 = 1.96:1 (1.3:1), d. Cu:TM4 = 
2.44:1 (1.6:1), e. Cu:TM4 = 2.69:1 (1.75:1). The ratios are interpolated (Table 3.16) 
molar ratios for the mixed Cu(II):TM4, the ratios in the brackets are mixed molar ratios. 
For clarity, several spectra are omitted from the figure.  
 
As the amount of Cu(II) mixed with TM4 is increased, the intensity of the peak 
at 3475 G  which was attributed to Cu species is expected to increase. The intensity of 
this peak, however, increases in practice only up to the molar reaction ratio of Cu:TM4 
= 1.75:1 (a 2.69:1 composition ratio) for the samples prepared in acetate-ammonia 
buffer. Beyond that point, the intensity of the peak decreases slightly.  
  
For CuTM4 samples prepared in SRF, the maximum intensity of the Cu peak is 
reached at the mixed molar ratio of Cu:TM4 = 2.5:1 (composition ratio = 3.9:1). With 
further increase of Cu(II) in the reaction mixture, the intensity of the copper peak again 
decreases, and unreacted Cu(II) is also observed in the spectra.  
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Figure 3.26 The intensity of the Cu(II) peak at 3475 G as a function of the interpolated 
Cu:TM4 ratio (from the results of elemental analysis). 
  
This difference in the ratio of Cu:TM4 at which the maximum peak is obtained 
in two different solution media demonstrates the potential influence of the medium 
(environment) on the solid sample formation. In SRF, carbon and phosphate species are 
present, their interaction with Cu(II) was proved by elemental analysis results (section 
3.5.3). These can interfere with the formation of adducts between Cu(II) and TM4 and 
the reduction of Cu(II) to Cu(I) to some extent, which results in the lower intensity of 
the paramagnetic Cu species. Partial reduction of Cu(II) to Cu(I) will be studied later by 
XANES of the CuTM solid samples (section 3.11.1). 
 
The Cu peak (at 3475 G) is not observed when Cu-TM samples are prepared in 
pure water (unbuffered), which confirms a strong influence of the environment on the 
redox processes in the system. In the absence of the buffering material in solution, there 
is no competition for Cu(II). Therefore all the Cu can react with TM, during which 
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reaction this Cu(II) is completely reduced to Cu(I), and the solid sample does not have a 
peak at 3475 G.  
 
Addition of His or change in temperature (38 °C) don’t have any effect on the 
EPR spectra of CuTM in terms of new features. However, the intensity of the Cu peak 
changes (Figure 3.27 and Figure 3.28). 
 
For the three studied reaction ratios (Cu:TM4 = 1:1, 1.3:1 and 1.5:1), the highest 
intensity of the Cu feature is observed for samples prepared at 38 °C. At this 
temperature, the precipitation of Cu with components of SRF is much faster, which 
prevents the reaction of Cu(II) with TM. Therefore, there is less reduction of Cu(II) to 
Cu(I). For samples prepared in the presence of His, the intensity of this peak is either 
the same or lower than for samples in SRF without His (Figure 3.27 and Figure 3.28). 
The presence of His in the reaction mixture increases the ionic strength of the solution 
and enhances the precipitation of polymeric TM (section 3.3). His reacts strongly with 
Cu(II), which then would compete with the carbonate and phosphate. This soluble Cu-
His species could then react with TM, which would contribute to the reduction of Cu(II) 
to Cu(I) and therefore lower the Cu(II) signal. This is also supported by the previously 
presented results (section 3.5.5), when addition of His into the reaction mixture of Cu 
and TM resulted in the production of a higher mass of solid than in the absence of His. 
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Figure 3.27 Influence of the medium on the EPR spectra of CuTM4 complex mixed at 
the ratio Cu:TM4 = 1.5:1. Prepared a. in SRF, at room temperature, b. in acetate-
ammonia buffer at room temperature, c. in SRF at 38 °C, d. in SRF, with His, at room 
temperature, e. in H2O, room temperature. 
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Figure 3.28 The intensity of the Cu peak of the EPR spectra of solid CuTM4 samples 
prepared in various media: SRF = SRF at room temperature, 38C = SRF at 38°C, His = 
SRF with His, room temperature, H2O = H2O at room temperature, AA = acetate-
ammonia buffer, at room temperature. 
 
3.8.3. CuTM3 Adducts 
 
In the EPR spectra of solid CuTM3 samples (Figure 3.29), similar peaks to those 
previously observed for CuTM4 are again observed, with only small differences. The 
three peaks corresponding to Mo or S species are resolved less and have lower intensity 
than in the CuTM4 species. As previously established for the TM4 case (section 3.8.2), 
these features belong to TM3 polymeric species as they are also present in the 
precipitate prepared from TM3 in buffer medium (SRF and acetate-ammonia) in the 
absence of any other components (Figure 3.30). The Cu peak is also present at the same 
field value and displays similar behavior (an increase up to a certain Cu:TM ratio, then 
a decrease with further increases of the Cu:TM ratio) as in the case of CuTM4. 
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Figure 3.29 The effect of increasing amount of Cu(II) in reaction with TM3 on the EPR 
spectra of solid Cu-TM3 samples prepared in acetate-ammonia buffer. a. Cu:TM3 = 
0.96:1 (0.5:1), b. Cu:TM3 = 1.65:1 (1:1), c. Cu:TM3 = 2.01:1 (1.2:1), d. Cu:TM3 = 
2.72:1 (1.75:1), e. Cu:TM3 = 3.19:1 (2:1). The ratios are interpolated (Table 3.17) 
molar ratios for the mixed Cu(II):TM4, the ratios in the brackets are mixed molar ratios. 
For clarity, several spectra are omitted from the figure. 
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Figure 3.30 EPR spectrum of the TM3 precipitate formed in SRF. 
 
The Cu peak reaches its maximum intensity at the molar ratio of reactants 
Cu:TM3 = 1.75:1 (Figure 3.29 and Figure 3.31) for the solid samples prepared in the 
acetate-ammonia buffer. For samples prepared in SRF, the maximum intensity was 
observed  at Cu:TM3 = 1.2:1. 
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Figure 3.31 The change of the intensity of the Cu peak (~ 3478 G) of the EPR spectra of 
solid CuTM3 samples with the change of the Cu:TM3 reaction ratio in acetate-ammonia 
buffer. 
 
 The EPR spectra of CuTM3 samples prepared in various environments (Figure 
3.32) show Cu features, even in water, which were not observed for CuTM4 samples. It 
has been suggested that sulfur atoms could be the reducing agent in the reaction of TMs 
with Cu.
120
 TM3 has only three sulfur atoms (compared to four in TM4) available to 
reduce Cu(II). This could cause less Cu(II) to be reduced to Cu(I); therefore there will 
more Cu(II) observed in the EPR spectra of CuTM3 samples than of CuTM4 samples. 
This hypothesis will be further investigated by analysis of the Cu K-edge XANES 
spectra (section 3.11.1.2).  
 
 There are no new features observed in the samples prepared in buffer solution, 
in presence of His or at higher temperature (38 °C). However, the intensities of the 
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spectral features change, especially those characteristic of Cu. For mixed ratios of 
Cu:TM3 = 1:1 and 1.2:1, the highest intensity of the Cu feature is observed when the 
sample is prepared in SRF at room temperature, then in SRF at 38 °C, then in presence 
of His and in water, and the lowest for the sample prepared in acetate-ammonia buffer. 
For the higher ratio of reactants, Cu:TM3 = 1.6:1, the highest intensity of Cu signal is 
surprisingly observed for sample prepared in water, then SRF, acetate-ammonia buffer, 
at 38 °C in SRF and last in presence of His. This shows how complicated the Cu-TM3 
system is. The reaction ratio together with the environment plays an important role in 
the redox processes in the system. The presence of other species can lead to formation 
of other Cu(II) precipitates which prevents Cu(II) reduction upon its reaction with TM 
(high intensity of Cu peak).   The presence of Cu(II) and other oxidation state will be 
further studied from XANES analysis of the CuTM3 samples (section 3.11.1).   
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Figure 3.32 Influence of the medium on the EPR spectra of CuTM3 complex mixed at 
the ratio Cu:TM3 = 1.6:1. Prepared a. in SRF, at room temperature, b. in acetate-
ammonia buffer at room temperature, c. in SRF at 38 °C, d. in SRF, with His, at room 
temperature, e. in H2O, room temperature  
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Figure 3.33 The effect of the environment on the intensity of the Cu peak (~ 3475 G) of 
the EPR spectra of solid CuTM3 samples in various environments: SRF = SRF at room 
temperature, 38C = SRF at 38°C, His = SRF with His, room temperature, H2O = H2O at 
room temperature, AA = acetate-ammonia buffer, at room temperature. 
 
 The peaks in the EPR spectra of solid CuTM samples are found at g values close 
to 2 (2.07 – 1.85). This value can be characteristic for the EPR active species of all the 
three possible elements: Mo, Cu or S (section 1.4.4).  Therefore based on the value of 
the g-factor itself, it is impossible to specify the EPR active element in the CuTM 
samples. Unfortunately, clear hyperfine splitting that might help specify the element 
was also not observed.  
 
 Several attempts to simulate the EPR spectra of solid CuTM samples were made 
but were not successful. The simulation parameters determined previously
120
 could not 
be fitted to the presented spectra from this literature source nor to spectra measured in 
this study. Therefore, it appears that there may be errors in the reported values.  The 
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results from the literature suggested the presence of diamagnetic Cu(I) and 
paramagnetic Mo(V) and S(I) species. In this research, the EPR spectra suggested the 
possibility of the presence of Cu(II) species in addition to other paramagnetic centers. 
The difficulties in simulating the EPR spectra also suggest that more than one 
paramagnetic center is present in solid CuTM samples, which causes the presence of 
overlapping signals.   
 
3.8.4. EPR of Solutions of CuTM samples 
  
 Several attempts to measure the EPR spectra of solutions containing CuTM 
samples were made. However, no EPR spectra were observed for these systems in 
solution, either at room temperature or frozen at the temperature of liquid nitrogen. This 
could be caused by the fact that the solution can contain different species in terms of 
redox processes than the solid adduct. In solution, the first step of the reaction for 
CuTM system occurs which than proceeds into second step in solid phase. Therefore, 
the absence of paramagnetic species in solution may be the reason of absence of an EPR 
signal. The second step (solid phase) than produces paramagnetic species which could 
be detected by EPR (sections 3.8.2 and 3.8.3).  
 
3.9. IR Spectra of Solid CuTM Samples 
 
To determine the presence of certain groups in the solid CuTM samples, IR 
spectra were measured on the same samples that were prepared for EPR measurements 
(section 2.7.1). The spectra are presented in Figure 3.34. The IR spectra of another two 
samples with higher reaction ratios of Cu:TM (= 1.5:1 and 2:1) gave the same results 
and therefore are not shown here. 
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Figure 3.34 IR spectra of the solid CuTM4 (A) and CuTM3 (B) samples mixed at ratio of Cu:TM =1:1.  
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 The IR spectra of solid CuTM samples show the presence of Mo-S groups with 
an intense peak at ~ 440 cm
-1
.  A lower intensity signal at ~ 900 cm
-1
 is caused by the 
presence of the Mo-O groups in the samples. This isn’t surprising for the CuTM3 
sample, since TM3 as a starting material already contained Mo-O. However, in the 
CuTM4 sample, the presence of this feature in its IR spectrum could mean possible 
hydrolysis of the TM4 during its reaction with Cu. 
 
Because the intensity of this feature is lower in CuTM4 than CuTM3 it is most 
likely that TM3 also undergoes hydrolysis during its reaction with Cu. In the CuTM3 
sample, the fact that the intensities of Mo-O and Mo-S peaks are comparable supports 
the hypothesis of the TM3 hydrolysis, which would result in Mo being surrounded by 
two sulfur atoms and two oxygen atoms in the CuTM3 solid. In the IR spectrum of the 
CuTM4 sample (Figure 3.34A), the ratio of peak intensities of Mo-O vs. Mo-S is 
approximately 3:1. This suggests that Mo is surrounded by three S atoms and one O 
atom which is the same as TM3 environment. In the IR spectrum of CuTM3 sample 
(Figure 3.34B), it is observed that the relative ratio of the two peaks is different than in 
spectrum of CuTM4. Here, this ratio is approximately 1:1. Therefore, the number of S 
and O atoms around Mo is the same, where CuTM3 contains TM2-like entities.  These 
findings will be further studied by EXAFS (section 3.11.2). 
  
 The presence of Mo-O groups and their coordination number will be studied 
further by EXAFS of the solid CuTM samples (section 3.11.2).    
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3.10. XAS of TM samples 
 
3.10.1. XANES 
 
 All four TMs (TM1-TM4) were measured at the Mo K-edge. Observation of the 
near-edge spectra (Figure 3.35) provided the geometry and the nearest neighbor identity 
of the Mo central atom. The similarities in the spectra, mainly the characteristic pre-
edge feature at about 20008 eV, confirm the tetrahedral environment around the Mo in 
all four TMs.  This was previously attributed to the 1s → 4d transition (section 1.4.5.7). 
The intensity of this transition for the four studied TMs is the highest for TM1 and 
decreases with the increasing amount of S. This agrees with previous observation of this 
pre-edge feature being more intense for Mo=O groups than Mo=S groups.
87,88,90,104,156
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Figure 3.35 Near-edge spectra of the thiomolybdate samples.   
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3.10.2. EXAFS  
 
Fitting of the EXAFS data (section 2.10.3) using EXAFSPAK software for all 
the measured TM samples provided the bond lengths and the identity of the neighboring 
atoms.  
 
The EXAFS spectrum and the Fourier Transform of the TM1 sample are shown 
in Figure 3.36. Several peaks corresponding to various groups are noticeable in the 
Fourier   transform. The strongest peak is found at the distance of around 1.5 Å. 
Another of much weaker intensity is observed at slightly longer interatomic distance of 
around 2 Å. In the sample of solid TM1, there are 3 atoms of oxygen and one atom of 
sulfur surrounding central atom of molybdenum. Because these are bonding groups, the 
strongest peaks are most likely due to Mo-O and Mo-S groups.  
 
There are also other peaks of lower intensity found in the Fourier transform 
spectra. These are observed at longer distances than the previous ones. There are peaks 
observed at around 3 - 4 Å and another weak one at around 5 Å. These peaks 
correspond to atoms situated further from the Mo atom (compared to three oxygens and 
one sulfur); the furthest peak might represent a either multiple scattering effect of a 
backscatterer or long-range scattering. 
 
A satisfactory fit (Figure 3.36) of the EXAFS spectrum of TM1 was obtained 
including single scattering along three Mo-O of 1.747 Å and one Mo-S groups at 2.257 
Å.  
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Figure 3.36 EXAFS spectrum of TM1. Darker trace is the measured spectrum, lighter is the fit. 
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The EXAFS spectrum and its Fourier transform of the solid TM2 sample reveals 
two peaks of strong intensity at about 1.2 and around 2 Å, the latter being the strongest 
one of the spectrum. These two peaks most likely correspond to two oxygen and two 
sulfur atoms, as these are surrounding the central atom of molybdenum. The intensities 
of these peaks are different than in the spectrum of TM1 sample. The relative intensity 
of the first peak is lower than second peak in the sample of TM2 (opposite for sample of 
TM1) which means than there are more sulfur atoms than in TM1. This agrees with the 
structure of TM2 which contains one more sulfur and one less oxygen atom than TM1. 
 
 There are other peaks in the Fourier Transform of TM2 observed at around 3 Å 
and around 4.5 Å which are of much lower intensity than the first ones (S and O).  
These peaks correspond to the backscatterers situated at longer distances from the 
central Mo (absorber) or to the multiple scattering effect, similarly to the peaks in FT of 
TM1. 
 
A satisfactory fit of the EXAFS of TM2 (Figure 3.37) was obtained with single 
scattering along two Mo-O groups at 1.769 Å and two Mo-S groups at 2.195 Å. 
 
In the spectra and Fourier Transform of the TM3 sample, there is a very strong 
peak found at about 2 Å and a weak one at shorter distance of about 1 Å. As in the two 
previous samples (TM1 and TM2), these are most likely due to the S and O atoms 
neighboring the central Mo atom. The relative intensity of the first peak (1 Å) compared 
to the intense peak is lower than in previous two samples and therefore this peak is 
attributed to the oxygen atom as backscatterer. This agrees with the structure of TM3 
which contains less oxygen atoms (only one compared to two in TM2 and three in 
TM1) and therefore more sulfur atoms (three compared to two in TM2 and one in 
TM1). The strong peak around 2 Å is therefore most likely the sulfur backscatterer. 
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Figure 3.37 EXAFS spectrum of TM2. Darker trace is the measured spectrum, lighter is the fit. 
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There are two other peaks of lower intensity in the Fourier transform of TM3 
below 4 Å and above 4 Å. These correspond to the backscatterers at longer distance 
from central Mo atom (absorber) or also could represent the multiple scattering effect in 
the TM3 solid. 
 
The EXAFS spectrum was satisfactorily fitted with single scattering 
contribution along one Mo-O group of the distance of 1.740 Å and three Mo-S groups at 
distance of 2.204 Å. 
 
The Fourier transformation of the EXAFS spectrum of the solid TM4 sample 
shows one peak of a very strong intensity at about 2 Å. If we compare this to the three 
previous samples this would correspond to the sulfur backscatterer in the proximity of 
central Mo atom. This agrees with the structure of the TM4 which has four sulfur atoms 
in the first coordination shell. There are no other peaks of significant intensity found in 
the TM4 spectrum. 
 
 The EXAFS spectrum of the TM4 solid sample was fitted with single scattering 
of only one component, Mo-S group. A satisfactory fit of the spectrum was obtained 
with four Mo-S components of the same distance of 2.190 Å. 
 
All four TMs were closely fitted including only single scattering components 
and only the closest neighbors to the central absorbing Mo atom. The results of the 
fitting of all four TMs are summarized in Table 3.20. The values are comparable to 
those from literature (last column of the Table 3.20). 
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Figure 3.38 EXAFS spectrum of TM3. Darker trace is the measured spectrum, lighter is the fit. 
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Figure 3.39 EXAFS spectrum of TM4. Darker trace is the measured spectrum, lighter is the fit. 
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Sample Bond CN 
Bond length 
(Å) 
σ2 
Average bond 
length (Å) 
TM1 Mo-O 3 1.747 (2) 0.0020 (1) 1.758
157
 
 Mo-S 1 2.255 (4) 0.0026 (3) 2.2427
157
 
TM2 Mo-O 2 1.769 (2) 0.0020 (2) 
1.7802
157
, 
1.758
106
 
 Mo-S 2 2.194 (2) 0.00148 (9) 
2.1897
157
, 
2.188
106
 
TM3 Mo-O 1 1.739 (5) 0.0022 (5) 1.736
157
 
 Mo-S 3 2.204 (2) 0.0020 (1) 2.164
157
 
TM4 Mo-S 4 2.190 (1) 0.00191 (4) 2.1816
157
, 2.18
108
 
Table 3.20 Distances found by the fitting of the measured powder spectra of TMs. The 
last column contains average bond lengths found previously. (CN = coordination 
number) 
 
3.11. EXAFS and XANES of CuTM solid samples 
 
3.11.1. XANES: CuTM4 and CuTM3 
 
3.11.1.1. Mo K-edge 
 
  The edge position of the CuTM4 sample mixed at a ratio of Cu:TM4 = 1:1 
(Figure 3.40), when comparing to the TM4 spectrum, doesn’t change. The difference in 
the position of the edge between different oxidation states is, however, so small that this 
doesn’t mean that there is no change in the oxidation state of Mo. The EPR results on 
these samples showed the possibility of the Mo being reduced for Mo
6+
 to Mo
5+
 and this 
would only provide a shift of the edge of about 1-3 eV
103
 which might not be easily 
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seen on an EXAFS spectrum. As the pre-edge feature at about 20008 eV visible in the 
pre-edge of TM4 is not observed in the pre-edge spectra of CuTM sample, there is most 
likely no Mo=O or Mo=S double bond (section 1.4.4.9). 
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Figure 3.40 Comparison of the near edge spectra of TM4 and CuTM4 (mixed at ratio 
Cu:TM4 = 1:1) 
 
 For the CuTM3 sample (Figure 3.41), similar observations were made. The 
near-edge region of the CuTM3 spectrum is very similar to that of TM3 and the 
intensity of the pre-edge feature decreases. 
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Figure 3.41 Comparison of the near edge spectra of TM3 and CuTM3 (mixed at ratio 
Cu:TM3 = 1:1) 
 
 In both cases, CuTM4 and CuTM3 lack the pre-edge peak in their spectra which 
is visible in the near-edge spectra of pure TM4 and TM3, respectively. This peak is 
caused by the presence of Mo=O or Mo=S groups. The absence of this peak means the 
absence of the double bond between these elements in the final CuTM adducts.  
 
 There is a negligible difference of the near edge position between the spectra of 
the samples of CuTM4 and CuTM3 (Figure 3.42) when the ratio (mixed) of Cu:TM = 
1:1. The great similarity of the near edge is due to the formation of very similar adducts 
with Cu for both studied TMs. The small difference could be only caused by slightly 
different S and O amounts in these samples. The similar intensities of the pre-edge 
feature suggest very similar oxidation state and geometry around the Mo atom.  
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Figure 3.42 Near-edge spectra (Mo edge) of the samples of CuTM4 and CuTM3, both 
prepared with the reaction ratio of Cu:TM = 1:1. 
 
3.11.1.2. Cu K-edge 
 
 Figure 3.43 shows the near-edge spectra of two Cu samples: CuCl containing 
Cu(I) and CuSO4 containing Cu(II) to illustrate the strong dependence of the position of 
the Cu K-edge on the oxidation state of Cu. 
 
The exact edge position was found from the first derivative of the spectrum: 
8982 eV for CuCl and 8987eV for CuSO4. The difference between oxidation states 1+ 
and 2+ can be more than 8 eV
95-97,99
, with the higher oxidation state being at higher 
energy.   
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Figure 3.43 Characteristic near-edge spectra of Cu(I) (CuCl) and Cu(II) (CuSO4). 
 
 Figure 3.44 shows the position of the Cu edge of the CuTM4 sample with 
respect to the Cu(I) and Cu(II) edges discussed above. The figure shows that the edge of 
the CuTM4 sample is situated in between the two edges of the reference samples. This 
indicates a possibility of the presence of the two oxidation states in the prepared 
CuTM4 sample. Eccleston
120
 reported that Cu(II) is completely reduced to Cu(I) upon 
its reaction with TMs to form solid CuTM4 but the EPR results already presented above 
(section 3.8) showed the possible presence of Cu(II).  
 
 To confirm the hypotheses of coexistence of Cu in two different oxidation states 
in the same sample of CuTM, the near –edge spectra of the six studied CuTM 
compounds were fitted with the two near-edge spectra of the standard samples (CuCl, 
CuSO4) (Figure 3.44). 
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Figure 3.44 Fitting of near-edge spectrum of the CuTM4 sample mixed at ratio 
Cu:TM4=1:1 with near-edge spectra of Cu(I) and Cu(II). 
 
The linear combination fitting with spectra of two reference samples, Cu(II) and 
Cu(I) provided the fractions of the copper in two oxidation states present in the CuTM 
samples (Table 3.21). 
 
The fit of Cu(I) and Cu(II) compounds into the XANES spectra of CuTM 
samples is not perfect mainly because CuCl and CuSO4 were used as the reference 
samples. The surrounding atoms, as well as the geometry, in these standards are 
obviously different.  
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Mixed Cu(I) 99 % CL Cu(II) 99 % CL Total Residual 
Cu:TM4 =1:1 in SRF 0.70 0.02 0.27 0.02 0.98 0.004 
In acetate-ammonia buffer 0.70 0.02 0.27 0.02 0.98 0.004 
Cu:TM4 =1.5:1 in SRF 0.73 0.01 0.25 0.01 0.98 0.003 
Cu:TM4 = 2:1 in SRF 0.75 0.01 0.23 0.01 0.98 0.002 
In acetate-ammonia buffer 0.73 0.01 0.25 0.01 0.98 0.002 
Cu:TM3 = 1:1 in SRF 0.76 0.01 0.22 0.01 0.98 0.002 
Cu:TM3=1.5:1 in SRF 0.778 0.009 0.206 0.008 0.984 0.001 
Cu:TM3 = 1.6:1 in SRF 0.773 0.008 0.208 0.008 0.982 0.001 
Cu:TM3 = 2:1 in SRF 0.781 0.008 0.203 0.009 0.984 0.001 
In acetate-ammonia buffer 0.765 0.007 0.219 0.007 0.984 0.001 
Table 3.21 Fractions of Cu(I) and Cu(II) present in the CuTM4 and CuTM3 samples as 
obtained by LCA in EXAFSPAK. 
 
 LCA (section 1.4.5.2) using the EXAFSPAK program showed the presence of 
both main oxidation states of Cu: Cu(I) and Cu(II). The exact fractions are reported in 
Table 3.21, together with the 99 % confidence limits as calculated by the software. The 
total fraction (sum of the fractions of all the components) should be 1 since there are 
only two components present and both are fitted into the measured spectrum. The 
deviation of the total fraction from unity is most likely because the standard samples 
used in the fitting are somewhat different in terms of the geometry and the closest 
neighbors compared to the measured spectrum of CuTM. The minor deviation from a 
total fraction of unity can be observed in cases when all the spectra are not normalized 
the same way. The residual represents the mean sum of squares of the differences 
between the observed and calculated intensities and the smaller this number is, the 
better fit is obtained. This is only measure of precision, but not accuracy and therefore 
can’t be used to estimate the goodness of data.   
 219 
 
For samples prepared at a reaction ratio of Cu:TM4 = 1:1, the ratio of 
Cu(I)/Cu(II) is the same whether the sample was prepared in SRF or in acetate-
ammonia buffer (Table 3.21). However, when the reaction ratio of Cu:TM is increased 
(for CuTM4 and CuTM3), the ratio of Cu(I)/Cu(II) in the final adduct is larger when 
samples are prepared in SRF than when samples are prepared in acetate-ammonia 
buffer. This might be due to the interaction of the reactants with the components of the 
buffer media, as was shown in section 3.5.3. This also agrees with the results of the 
EPR analysis, where the Cu peaks was of higher intensity for samples prepared in SRF 
compared to those prepared in acetate-ammonia buffer (section 3.8). Without the 
presence of carbonate and phosphate (acetate – ammonia buffer), more Cu is available 
to react with TM as it doesn’t precipitate as Cu(II) – carbonate or Cu(II) – phosphate, 
and therefore more Cu(II) is reduced to Cu(I) in acetate-ammonia buffer than in SRF. 
   
3.11.1.3. S K-edge XANES 
 
A sample of CuTM4 mixed at a ratio of 1:1 (Cu:TM4) was measured at the S K-
edge by Dr. Graham George at SSRL (Figure 3.45).  
 
The position of the edge was found to be 2473 eV which by comparison with 
data from the literature is characteristic of the oxidation state of – I (section 1.4.5.8). 
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Figure 3.45 S K-edge spectrum of the CuTM4 sample prepared at ratio of Cu:TM4 = 
1:1. 
 
3.11.2. EXAFS: CuTM4 and CuTM3 
 
3.11.2.1. Mo K-edge EXAFS spectra fitting 
 
The EXAFS spectra of the solid CuTM samples (preparation outlined in section 
2.10.1) were collected to a high k-value, usually to k = 20 Å
-1
. As measuring the spectra 
to such high k value gives a better resolution of the peaks, more peaks are present in the 
Fourier Transform. An attempt was made to fit these spectra (Figure 3.46). However, 
EXAFSPAK wouldn’t fit the spectra in such detail. In the measured spectra there is an 
indication of two sulfur atoms at slightly different distances from central Mo atom, as 
observed by the two peaks around value of approximately 1.8 Å (Figure 3.46). The 
EXAFSPAK wasn’t able to fit these separately as two peaks most likely due to their 
proximity.  
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Figure 3.46 Best fit of the EXAFS spectrum of CuTM4 sample with reaction ratio of Cu:TM4 = 1:1. The spectrum was 
measured up to k = 20 Å
-1
. The darker line is measured spectrum, the lighter line is fitted spectrum.
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Therefore, the measured spectra of the solid CuTM samples, were only handled 
up to k = 16 to simplify the fitting process (Figure 3.47). The fitting of these spectra 
provided the same results as the original full range spectra for the best obtained fit. 
 
For the sample of CuTM4 prepared at the reaction ratio of Cu:TM4 = 1:1, the 
best fit of its EXAFS spectrum was obtained with Mo being 3-coordinated surrounded 
by an atom of oxygen and two atoms of sulfur (Table 3.22).  
 
Bond 
Coordination 
number 
Bond length (Å) σ2 
Mo-S 2 2.203 (2) 0.0044 (1) 
Mo-O 1 1.670 (5) 0.0069 (6) 
Mo-Cu 3 2.673 (3) 0.0085 (2) 
Table 3.22 The results of the best fit of the CuTM4 (Cu:TM4 reaction ratio = 1:1) 
sample at Mo K-edge fitted up to k = 16 Å
-1
. 
 
Although  Eccleston suggested 3-coordinated Mo in the CuTM samples 
previously
120
, there is no well characterized compound containing such Mo environment 
in the literature. Addition of a second oxygen atom into the fit of the EXAFS spectrum 
didn’t have any significant influence on the apparent quality of this fit (Figure 3.48) 
However, this addition of second oxygen increased the value of ζ2 to quite a high value 
(Table 3.23). 
 
The spectrum was also fitted by considering the Mo atom surrounded by one 
oxygen atom and three sulfur atoms (Figure 3.49, Table 3.24). This fit was not 
significantly worse than the previous two fits. 
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Figure 3.47 Best fit of the EXAFS spectrum of CuTM4 sample with reaction ratio of Cu:TM4 = 1:1. The spectrum was fitted up to k = 
16 Å
-1
. The darker line is measured spectrum, the lighter line is fitted spectrum (values found from fit are presented in Table 3.22). 
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Figure 3.48 Fit of the EXAFS spectrum of CuTM4 sample with reaction ratio of Cu:TM4 = 1:1. The spectrum was fitted with Mo 
atom surrounded by two oxygen and two sulfur atoms. The darker line is measured spectrum, the lighter line is fitted spectrum. 
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Figure 3.49 Fit of the EXAFS spectrum of CuTM4 sample with reaction ratio of Cu:TM4 = 1:1. The spectrum was fitted with Mo 
atom surrounded by one oxygen and three sulfur atoms. The darker line is measured spectrum, the lighter line is fitted spectrum. 
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Bond 
Coordination 
number 
Bond length (Å) σ2 
Mo-S 2 2.200 0.0043 
Mo-O 2 1.685 0.0163 
Mo-Cu 3 2.667 0.0084 
Table 3.23 Results of the fit of CuTM4 solid sample (Mo K-edge) prepared at reaction 
ratio of Cu:TM4 = 1:1 (Figure 3.48). 
 
Bond 
Coordination 
number 
Bond length (Å) σ2 
Mo-S 3 2.22 0.00484 
Mo-O 1 1.699 0.00747 
Mo-Cu 3 2.678 0.00767 
Table 3.24 Results of the fit of CuTM4 solid sample (Mo K-edge) prepared at reaction 
ratio of Cu:TM4 = 1:1 (Figure 3.49). 
 
Although the best obtained fit was the one with three-coordinated Mo, the other 
two, with a four-coordinated Mo atom, were not significantly worse and these results 
are structurally more reasonable. All the CuTM solid samples were fitted to obtain 
reasonably good fits but also structurally plausible results in terms of Mo environment 
(sections 3.11.2.2 and 3.11.2.3). 
 
3.11.2.2. CuTM4 
 
The fit of the EXAFS spectra of the solid CuTM4 sample (for a reaction ratio of 
Cu:TM4 = 1:1) provided the identity of the Mo and Cu neighbors, and their 
coordination numbers as well as their interatomic distances (Table 3.25). 
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For the sample of CuTM4 solid prepared at a reaction ratio of Cu:TM4 = 1:1, a 
reasonable fit (Figure 3.48) at Mo K-edge revealed the presence of two oxygen and two 
sulfur atoms around the central Mo atom. The presence of a Mo-O bond was also 
observed in the IR spectra of this sample (section 3.9) as a peak at 900 cm
-1
. This 
suggests that the TM4 undergoes hydrolysis in solution during its reaction with copper.  
 
 
Bond Coordination number Bond length (Å) σ2 
Mo-O 2 1.685 (7) 0.016 (1) 
Mo-S 2 2.200 (2) 0.0043 (1) 
Mo…Cu 3 2.667 (3) 0.008 (2) 
Cu-N 1 1.900 (3) 0.00010 (3) 
Cu-S 3 2.276 (3) 0.0055 (2) 
Cu…Mo 1 2.709 (5) 0.0054 (3) 
Table 3.25 Results of the analysis of the EXAFS spectra of the CuTM4 sample mixed at 
a ratio of Cu:TM4 = 1:1 in SRF. 
 
The Mo-O has most likely only a single bond because of the absence of the 
characteristic pre-edge feature for Mo=O in the near-edge spectrum of the solid CuTM4 
sample. The Mo-O with the distance of 1.69 Å was previously observed for Mo(IV)-O, 
terminal Mo(V)-O and Mo(VI)-O (section 1.4.5.7). The EPR spectra of the solid 
CuTM4 samples (section 3.11.2.1) suggested the possible existence of a paramagnetic 
Mo species, which would only be Mo(V) out of these three oxidation states. Therefore, 
CuTM4 (1:1 reaction ratio) most likely contains Mo(V)-O groups. 
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The Mo-S bond in the CuTM4 sample was found to be slightly shorter than 
previously observed in the same type of sample (section 1.4.5.7), but comparable to the 
Mo-S distance in TM4 (2.19 Å, section 3.10.2) which contains 4 Mo-S bonds. 
 
The best fit of the EXAFS spectrum of CuTM4 solid (reaction ratio Cu:TM4 = 
1:1) at the Cu K-edge (Figure 3.50) showed that copper is surrounded by three sulfur 
atoms and a light atom. This light atom could be either oxygen or nitrogen as both of 
these are present in the reaction mixture. EXAFS fitting cannot clearly distinguish 
between these two because their atomic masses are very close to each other. Therefore 
an assumption was made and this atom was chosen as being nitrogen due to the greater 
affinity of copper towards nitrogen than oxygen. The Cu-N bond distance is comparable 
to the one previously observed in the literature (section 1.4.5.6). 
 
The distance of Cu-S bond (Table 3.25) is found to be in between the distances 
of the four-coordinate and three-coordinated Cu-S (section 1.4.5.6). 
 
The Mo…Cu interaction (non-bonding) was also observed in the EXAFS 
spectra measured at both, Cu and Mo K-edges. The distance found in the two spectra is 
slightly different but this is not a significant difference. The non-bonding Cu…Mo 
distance found by the best fit is comparable to the one found previously for the similar 
CuTM4 compounds (sections 1.4.5.6 and 1.4.5.7).  
 
The best fit of the Mo K-edge EXAFS spectrum (Figure 3.51) of CuTM4 solid 
where Cu:TM4 were mixed at ratio of 1.5:1 shows the Mo surrounded by one oxygen 
and three sulfur atoms (Table 3.26). As in the previous sample, the presence of oxygen 
(also observed by the IR spectra (section 3.9) reveals that hydrolysis of TM4 during its 
reaction with Cu occurs. The distances found between Mo and its backscatterers are 
comparable to those found in the fit of the EXAFS spectra of the previous sample 
(Table 3.25). 
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Figure 3.50 Best fit of the Cu K-edge EXAFS spectrum of CuTM4 sample with reaction ratio of Cu:TM4 = 1:1. The darker line is 
measured spectrum, the lighter line is fitted spectrum. 
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Figure 3.51 Fit of the EXAFS spectrum of Mo K-edge CuTM4 sample with reaction ratio of Cu:TM4 = 1.5:1. The darker line is 
measured spectrum, the lighter line is fitted spectrum. 
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Bond Coordination number Bond length (Å) σ2 
Mo-O 1 1.70 (1) 0.007 (1) 
Mo-S 3 2.220 (3) 0.0048 (2) 
Mo…Cu 3 2.678 (4) 0.0077 (3) 
Cu-N 1 1.683 (2) -0.0016 (1) 
Cu-N 2 1.958 (8) 0.007 (1) 
Cu-S 1.5 2.287 (3) 0.0015 (2) 
Cu…Mo 1 2.705 (4) 0.0046 (3) 
Cu…S 1 3.96 (2) 0.003 (1) 
Table 3.26 Results of the analysis of the EXAFS spectra of the CuTM4 sample mixed at 
the ratio of Cu:TM4 = 1.5:1 in SRF. 
 
Several components were needed to obtain a satisfactory fit of the Cu K-edge 
EXAFS spectrum of the sample prepared at Cu:TM4 = 1.5:1 (Figure 3.52). Three atoms 
of nitrogen surround the central Cu atom at two different distances. The coordination 
number of S atom was found to be between one and two, which makes the total 
coordination of Cu atom between four and five.  
 
 
  
 
Figure 3.52 Best fit of the Cu K-edge EXAFS spectrum of CuTM4 sample with reaction ratio of Cu:TM4 = 1.5:1. The darker line is 
measured spectrum, the lighter line is fitted spectrum. 
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The Cu…Mo distance and coordination number are comparable to those 
observed previously (Table 3.25). The longer range interaction used in the previous fit 
was also needed here to improve the fit. This component was found at almost 4 Å from 
the central Cu and it is most likely a sulfur atom bound to the molybdenum atom (Table 
3.26).  
 
 The satisfactory fit (Figure 3.53) of the Mo K-edge EXAFS spectrum of the 
solid CuTM4 mixed at a reaction ratio of Cu:TM4 = 2:1 revealed that the central Mo 
atom is surrounded by both, oxygen and sulfur atoms (Table 3.27). The distance of Mo-
O is comparable to the one found in two previous samples (Table 3.25 and Table 3.26) 
where Mo and O are single bonded. The average Mo-S distance is slightly longer than 
the one found for the CuTM4 sample mixed at ratio of Cu:TM4 = 1:1 (Table 3.25) and 
also has higher coordination number (three) when Cu:TM is increased. 
 
Bond Coordination number Bond length (Å) σ2 
Mo-O 1 1.672 (9) 0.008 (1) 
Mo-S 3 2.236 (2) 0.0049 (2) 
Mo…Cu 3 2.671 (3) 0.0078 (2) 
Cu-N 1 2.007 (4) -0.0015 (3) 
Cu-S 1 2. 237 (4) 0.0064 (3) 
Cu…Mo 1 2.706 (4) 0.00511 (4) 
Table 3.27 Results of the analysis of the EXAFS spectra of the CuTM4 sample mixed at 
the ratio of Cu:TM4 = 2:1 in SRF 
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Figure 3.53 Fit of the EXAFS spectrum of Mo K-edge CuTM4 sample with reaction ratio of Cu:TM4 = 2:1. The darker line is 
measured spectrum, the lighter line is fitted spectrum. 
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 The best fit of the Cu K-edge EXAFS spectrum (Figure 3.54) of the CuTM4 
sample mixed at ratio of Cu:TM4 = 2:1 showed the central Cu atom surrounded by 
nitrogen and sulfur. The coordination number of Cu-S is lower and this distance is also 
shorter than in the previous sample prepared at lower Cu:TM4 (Table 3.25). The 
Cu…Mo distance is comparable to the one found in the previously described sample 
(Table 3.25). This distance is slightly but not significantly different than is found from 
the Mo K-edge spectrum (Table 3.27). 
 
From the EXAFS spectra of all three CuTM4 prepared at different Cu:TM4 
reaction ratios similar results were obtained. The presence of O in the coordination 
sphere of Mo showed the hydrolysis of the TM4 during its reaction with Cu. The 
spectra of the CuTM4 with the lowest ratio of Cu:TM4 (1:1) showed the presence of 
two oxygen and two sulfur atoms; however, two samples with higher Cu:TM4 ratio 
showed only one oxygen atom and three sulfur atoms around Mo. These results were 
obtained as the compromise between the best possible fit and reasonableness in the 
results (the three-coordinate Mo provided a slightly better fit than four-coordinate, but 
this didn’t agree with previous spectral analysis and is structurally very unlikely). The 
IR spectra of all three CuTM4 solid samples (three different Cu:TM4 ratios) were very 
similar in terms of the relative intensity of Mo-S and Mo-O peaks. Therefore Mo is 
most likely surrounded by one oxygen and three sulfur atoms in all three studied 
CuTM4 samples. 
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Figure 3.54 Best fit of the Cu K-edge EXAFS spectrum of CuTM4 sample with reaction ratio of Cu:TM4 = 2:1. The darker line is 
measured spectrum, the lighter line is fitted spectrum. 
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 The Mo-O distance in studied CuTM4 samples is characteristic for the Mo in 
oxidation state +5. The reduction of Mo(VI) to Mo(V) was also suggested by the 
presence of the paramagnetism of the CuTM4 samples (section 3.8.2). This oxidation 
state was also observed previously by Eccleston
120
. 
 
 The interaction of the TM4 with Cu resulted into a slight elongation of the Cu-S 
distance compared to the TM4 reactant which agrees with the previous findings of D. 
Thome
157
 (section 1.6.2). 
 
 The copper atom has been found to be coordinated by both, nitrogen and sulfur 
atoms in all the three samples. The coordination numbers, however, vary between these 
samples. It might be true difference in the coordination of Cu. But during the fitting of 
the Cu K-edge spectra it was noticed that the slight change in the nitrogen coordination 
number doesn’t have a strong influence on the fit. This atom is very light and therefore 
the number of coordinating N atoms is difficult to determine accurately. 
 
 Based on the results of the analysis of the EXAFS spectra of three CuTM4 solid 
samples, a structure that is formed between Cu and TM4 can be proposed (Figure 3.55).  
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Figure 3.55 Proposed structure formed between Cu and TM4. The dotted lines represent 
possible coordination of nitrogen and sulfur atoms (found by EXAFS fit in some of the 
CuTM4 samples). 
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A similar structure was proposed by George
101
, having the same ratio of Cu:TM 
4 in the unit but with slightly different Mo environment: tetrahedral coordination with 4 
S and no O present. In the George’s study, the Cu is trigonal planar and in oxidation 
state +1. However, Eccleston found, that it is more likely CuS3 and CuS4 environment, 
so the combination of trigonal planar and tetrahedral coordination
120
. 
 
The atoms of oxygen and nitrogen are not very likely to be further coordinated 
to other atoms of Mo. The motive of the CuTM4 unit (Figure 3.55) with only one sulfur 
and one nitrogen coordinated to Cu atom doesn’t suggest the formation of larger, 
possibly polymeric species. However, if another sulfur atom is attached to S, this may 
be a possible site of further coordination of another CuTM4 unit. There are several 
possibilities for the type of atom attached to this sulfur atom. 
1. Terminal S is attached to another Cu 
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2. Terminal sulfur is attached to another molybdenum 
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3. Terminal sulfur is attached to another S, forming S-S bridges 
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 Since there is no detailed analysis of the CuTM4 solid from the point of view of 
the sulfur atom, it is not possible to definitely determine which of these three option is 
most likely to occur and contribute to the formation of large (possibly polymeric) 
species.  
 
 If the first suggested structure was to be the correct one here, there would a 
Cu…Cu interaction observed in the Cu K-edge spectrum. The single scattering of the fit 
of this spectrum didn’t show this interaction to be present.  
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 If the second structure was the probable one, the Cu…Mo interaction would 
have a coordination number of two. However, the fit of the Cu K-edge spectra showed 
the presence of only one Mo in the proximity of Cu.  
 
 Therefore, the last proposed interaction of the CuTM4 units is the most likely 
one based on the results of EXAFS spectra fitting. This formation of disulfide bonds 
was also previously suggested by Eccleston’s investigation of Cu-TM4 interaction120. 
However, the formation of disulfide bond wasn’t observed in the IR spectra of the 
CuTM4 solids at all. However, if a disulfide bond was present in the studied sample, its 
non-polar or only slightly polar character might mean that this bond would not be 
observable by IR spectroscopy. Instead, its presence would have to be determined from 
other spectroscopic techniques (section 4.4). 
 
 To conclude the discussion of the results of the analysis of the EXAFS data, the 
formation of CuTM4 species is very similar for the three ratios of Cu:TM4 studied. The 
units are most likely linked through the disulfide bonds. Other possibilities of the 
polymerization bonding between these units cannot be determined from the EXAFS 
spectra. 
  
3.11.2.3. CuTM3 
 
Similarly to the CuTM4 solid samples, CuTM3 solid samples at different 
Cu:TM3 ratios were prepared (section 2.10.1) and their EXAFS spectra measured and 
analyzed. The best fit of the Mo K-edge EXAFS spectrum of the solid CuTM3 sample 
(Figure 3.56) mixed at ratio of Cu:TM3 = 1:1 showed the Mo central atom surrounded 
by oxygen and sulfur atoms (Table 3.28), similar to the CuTM4 samples (section 
3.11.2.2). The presence of the oxygen upon the reaction of TM3 with Cu was also 
observed in the IR spectra of this sample as a peak at 900 cm
-1
 (section 3.9). The Mo-O 
bond distance is comparable to the one observed in CuTM4 samples (section 3.11.2.2). 
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Mo and O are singly bonded, as the pre-edge feature characteristic of Mo=O or Mo=S is 
missing in the edge spectra of this sample (section 3.11.1.1). The Mo-O distance is 
characteristic of Mo(V)-O bond where the oxidation state of Mo is concluded from the 
EPR results of this solid sample (section 3.8). 
 
The Mo-S bond distance is slightly longer than in CuTM4 samples (section 
3.11.2.2).  It is also longer in CuTM3 than in unreacted TM3, without indication of the 
double bond (absence of the pre-edge feature in the CuTM3 near-edge spectrum).  
 
The main difference from the CuTM4 samples is that each central Mo has only 
one Cu atom at the distance of 2.68 Å, compared to the three which were observed for 
CuTM4 samples (section 3.11.2.2). Because the coordination numbers of oxygen and 
sulfur are the same as in the unreacted TM3, the results of the analysis of the Mo K-
edge spectrum doesn’t suggest the hydrolysis of the TM3 upon its reaction with Cu in 
solution for this sample. 
 
The best fit of the Cu K-edge EXAFS spectrum of the CuTM3 solid sample 
(Figure 3.57)  mixed at ratio of Cu:TM3 = 1:1 showed the central Cu atom coordinated 
by nitrogen and sulfur atoms. The Cu-N distance is comparable to the one in CuTM4 
samples, the Cu-S distance is shorter which is most likely related to the lower 
coordination number of S than in CuTM4 sample mixed at the same ratio (section 
3.11.2.2).  
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Figure 3.56 Best fit of the Mo K-edge EXAFS spectrum of CuTM3 sample with reaction ratio of Cu:TM3 = 1:1. The darker line is 
measured spectrum, the lighter line is fitted spectrum. 
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Figure 3.57 Best fit of the Cu K-edge EXAFS spectrum of CuTM3 sample with reaction ratio of Cu:TM3 = 1:1. The darker line is 
measured spectrum, the lighter line is fitted spectrum. 
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Bond Coordination number Bond length (Å) σ2 
Mo-O 1 1.678 (5) 0.0035 (4) 
Mo-S 3 2.266 (4) 0.0075 (3) 
Mo…Cu 1 2.677 (4) 0.0040 (3) 
Cu-N 1 1.832 (2) -0.0015 (1) 
Cu-S 2 2.182 (4) 0.0040 (2) 
Cu…Mo 1 2.623 (4) 0.0043 (2) 
Table 3.28 Results of the analysis of the EXAFS spectra of the CuTM3 sample mixed at 
the ratio of Cu:TM3 = 1:1 in SRF 
 
 For the solid sample of CuTM3 mixed at ratio of Cu:TM3 = 1.5:1, the best fit of 
the Mo K-edge EXAFS spectrum (Figure 3.58) shows the presence of oxygen and 
sulfur atoms around the central Mo (Table 3.29). The total coordination number is four, 
composed of two oxygens and two sulfurs. Because the number of coordinated sulfurs 
is decreased and of oxygen increased compared to the unreacted TM3, these results 
suggest that hydrolysis of TM3 is occurring during its reaction with Cu.  
 
The Mo-O distance is comparable to the one found in the previous CuTM3 
sample (above). The Mo-S distance is slightly longer than in the previous CuTM3 
sample which is most likely related to the lower coordination number of Mo-S. It is also 
longer than in the unreacted TM3, most likely because of the decreased coordination 
number and the absence of a double bond in CuTM3. 
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Figure 3.58 Best fit of the Mo K-edge EXAFS spectrum of CuTM3 sample with reaction ratio of Cu:TM3 = 1.5:1. The darker line is 
measured spectrum, the lighter line is fitted spectrum. 
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 As in the first CuTM3 sample, there is only one atom of Cu at a distance of 2.67 
Å from Mo.  
 
 The results of the analysis of the Cu K-edge EXAFS of the sample of CuTM3 
prepared at reaction ratio of Cu:TM3 = 1.5:1 (Table 3.29) provided similar results for  
the Cu coordination as the sample at lower ratio (Table 3.28). The coordination of Cu-S 
is of partial order, between one and two, which is slightly lower than the previous 
sample (Table 3.28). This means that there is most likely a combination of Cu 
coordinated by two sulfur atoms and by three sulfur atoms. 
 
Bond Coordination number Bond length (Å) σ2 
Mo-O 2 1.681 (4) 0.0074 (4) 
Mo-S 2 2.254 (3) 0.0051 (2) 
Mo…Cu 1 2.673 (4) 0.0054 (4) 
Cu-S 1.5 2.279 (3) 0.0040 (2) 
Cu-N 1 2.051 (7) 0.0039 (6) 
Cu…Mo 1 2.708 (5) 0.0092 (4) 
Table 3.29 Results of the analysis of the EXAFS spectra of the CuTM3 sample mixed at 
the ratio of Cu:TM3 = 1.5:1 in SRF 
 
 The EXAFS spectrum of the Mo K-edge of the solid sample of CuTM3 mixed at 
ratio of Cu:TM3 = 2:1 and its best fit  (Figure 3.60) showed the same results as for the 
previous sample (Cu:TM3 = 1.5:1). The coordination numbers of the components of the 
spectrum are the same and their found distances from Mo are comparable to the ones 
found previously (above). 
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Figure 3.59 Best fit of the Cu K-edge EXAFS spectrum of CuTM3 sample with reaction ratio of Cu:TM3 = 1.5:1. The darker line is 
measured spectrum, the lighter line is fitted spectrum. 
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Figure 3.60 Best fit of the Mo K-edge EXAFS spectrum of CuTM3 sample with reaction ratio of Cu:TM3 = 2:1. The darker line is 
measured spectrum, the lighter line is fitted spectrum. 
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The best fit (Figure 3.61) of the Cu K-edge EXAFS spectrum of the CuTM3 
(Cu:TM3 reaction ratio = 2:1) showed the Cu atom surrounded by nitrogen and sulfur 
atoms (Table 3.30). 
  
 Each Cu atom has only one Mo atom at the distance of about 2.7 Å, which is 
slightly longer than was found from the Mo EXAFS spectrum. 
 
Bond Coordination number Bond length (Å) σ2 
Mo-O 2 1.673 (3) 0.0087 (3) 
Mo-S 2 2.241 (3) 0.0066 (2) 
Mo…Cu 1 2.663 (3) 0.0057 (3) 
Cu-N 2 2.158 (2) 0.0024 (2) 
Cu-S 3 2.231 (5) 0.0131 (5) 
Cu…Mo 1 2.719 (7) 0.0135 (7) 
Table 3.30 Results of the analysis of the EXAFS spectra of the CuTM3 sample mixed at 
the ratio of Cu:TM3 = 2:1 in SRF. 
 
In the CuTM3 samples, Mo has only one Cu atom close to be seen in the 
EXAFS spectra. This is a little surprising, taking into account the results provided by 
elemental analysis, where the Cu:Mo molar ratio was found to be higher in the CuTM3 
samples than in the CuTM4 samples. Because of the lower amount of sulfur in the 
system, it is possible that there is a lower probability of the formation of large branched 
molecules than in the CuTM4 samples. CuTM3 would therefore favor the formation of 
smaller molecules and/or more simple chain polymeric species. 
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Figure 3.61 Best fit of the Cu K-edge EXAFS spectrum of CuTM3 sample with reaction ratio of Cu:TM3 = 2:1. The darker line is 
measured spectrum, the lighter line is fitted spectrum. 
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The CuTM3 samples of lowest studied ratio didn’t show the sign of hydrolysis 
of TM3 but the EXAFS analysis of the two samples prepared at higher Cu:TM3 ratios 
showed that TM3 undergoes hydrolysis during its reaction with Cu. This discrepancy 
could be caused by the imperfection of the EXAFS fit, as the two options don’t provide 
significantly different results in the fit, but here, the best fit was chosen from the 
analysis. The IR spectra of the three CuTM3 samples provided similar results in terms 
of the intensity of Mo-S and Mo-O peaks and therefore the hydrolysis of TM3 is most 
likely present.  
 
The coordination numbers of the Cu-S and Cu-N are slightly different for the 
three CuTM3 samples which is also reflected in their distances. This will be further 
considered when the structures are proposed as these will be slightly different.  
 
Based on the results of the analysis of three CuTM3 samples, the structure unit 
of CuTM3 species can be proposed: 
  
Cu:TM3 = 1:1 (molar ratio of reactants during the preparation of the samples): 
 
Mo
O
O S
S
Cu N
 
 
The Cu atom is attached to two sulfur atoms from Mo because the Mo-S 
distances are the same and the Cu-S distances are also the same. There are no terminal S 
atoms in the structure and therefore there is a lower probability of the polymerization 
than in CuTM4 structural unit. However, if three coordinate, these S atoms can provide 
further sites of bonding. There are three options for the atom coordinated to sulfur, Mo, 
Cu or S but it is most likely S as no Cu…Cu interaction is observed in the EXAFS 
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spectrum and there is only one Cu… Mo and also one Mo…Cu interaction in the Cu K 
edge and Mo K edge spectra, respectively. 
     
Cu:TM3 = 1.5:1 
 
Due to the partial integral of the Cu-S coordination number, there are two 
possibilities. The sample is most likely a combination of two structural units. One of the 
unit is of the same structure as the previous one proposed for the reaction ratio of 
Cu:TM3 = 1:1. The other one is: 
 
Mo
O
O S
S
Cu
N
 
 
The terminal sulfur provides site for further coordination. The coordinated atom would 
be most likely another S, as the results of the EXAFS analysis didn’t show the presence 
of another Cu at either Mo or Cu K-edge. 
 
 The analysis of the EXAFS spectra shows that both S atoms are at the same 
distance from Mo and at the same distance from Cu. This does not agree with this 
proposed structure which has two different S atoms. But in reality, these S atoms could 
be different and the distances found by the fit of the Mo K-edge and Cu K-edge spectra 
are just the average of the two slightly different Mo-S or Cu-S distances, respectively, 
which is not resolved well in the EXAFS spectra.  
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Cu:TM3 = 2:1 
 
Mo
O
O S
S
Cu
N
S  
 
This structure has a terminal S atom on the sulfur atom which provides a site of further 
coordination of another unit. This one is most likely, as in two previous samples, 
bonded through another sulfur atom because there is only one Mo in the Cu 
coordination sphere as observed from the EXAFS analysis (Table 3.30).   
 
 The EXAFS spectra presented here were measured for CuTM4 and CuTM3 
samples prepared in SRF. Some of these samples were prepared in acetate-ammonia 
buffer and measured again. These results suggested the same structures as described 
above and therefore will not be discussed here in details. 
 
3.11.3. XANES: Cu-TM3-TM4  
 
Several samples were prepared containing three components: Cu, TM4 and 
TM3.These were prepared using different order of mixing and different molar ratios, as 
described in section (section 2.11.1).  
 
The LCA of the samples containing all three Cu, TM3 and TM4 by linear 
combination fit showed the presence of both Cu(I) and Cu(II). The results are 
summarized in Table 3.31. 
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Ratio of reactants Order of mixing of reactants Cu(I) Cu(II) 
1:1:1 Cu + TM3 + TM4 0.69 ± 0.02 0.27 ± 0.02 
 Cu + TM3 + 15 min TM4 0.69 ± 0.02 0.27 ± 0.02 
 Cu + TM4 + 15 min TM3 0.69 ± 0.02 0.27 ± 0.02 
2:1:1 Cu + TM3 + 15 min TM4 0.71 ± 0.02 0.25 ± 0.02 
 Cu + TM4 + 15 min TM3 0.72 ± 0.02 0.25 ± 0.02 
 Cu + TM3 + TM4 0.72 ± 0.02 0.24 ± 0.02 
1:1:0.5 Cu + TM3 + 15 min TM4 0.71 ± 0.02 0.26 ± 0.02 
1:0.5:1 Cu + TM4 + 15 min TM3 0.70 ± 0.02 0.27 ± 0.02 
1.5:1:1 Cu + TM3 + TM4 0.69 ± 0.02 0.27 ± 0.02 
Table 3.31 The fractions of Cu(I) and Cu(II) in the CuTM3 and CuTM4 samples as 
determined by LCA by EXAFSPAK. 
 
 For the system containing the same amount of TM3 and TM4 but increasing 
amount of Cu(II) where both TMs were mixed with Cu at the same time, a very small 
increase of Cu(I)/Cu(II) is observed as Cu is increasing. The same trend was observed 
for samples where TM4 was added 15 min after TM3 was mixed with Cu and also for 
samples where TM3 was added 15 min after TM4 was mixed with Cu. These results 
agree with previous analysis of CuTM4 and CuTM3 samples (section 3.11.1.2). 
 
 For the samples prepared at the same ratio of all three reactants, the ratio of 
Cu(I)/Cu(II) is the same for any order of mixing the reactants. Therefore the order of 
reactants doesn’t have an effect on the reduction of the Cu(II). Previously, the LCA of 
the near-edge spectra of CuTM4 and CuTM3 samples showed more reduction of Cu for 
CuTM3 samples than for CuTM4 samples. This means that in the CuTM3TM4 system, 
both, TM3 and TM4 have an effect on the reduction of Cu(II) to Cu(I) and therefore 
 255 
 
both TMs react with available Cu even if one of them is added later into the reaction 
mixture. 
 
 Unfortunately, there was no success in the determination of the ratio of 
CuTM3:CuTM4 in these samples. The XANES spectra of both, Cu and Mo K-edges 
(Figure 3.62) of the samples showed great similarities with the spectra of the sample of 
CuTM4. The reason of the unsuccessful determination of the CuTM3 is probably 
because both, TM3 and TM4 react with Cu very similar way and produce the 
compounds containing Cu in the same oxidation state and environment. 
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Figure 3.62 Near-edge spectra (Cu edge) of CuTM4 and CuTM3. Both samples were 
prepared with the reaction ratio Cu:TM = 1:1. 
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4. CONCLUSIONS AND FUTURE WORK  
 
4.1. CuTM4 
 
 Based on the results of the measurements using various techniques described in 
Chapter 3, a reaction scheme for a CuTM4 adduct formation can be proposed (Figure 
4.1). 
 
The complete reaction of formation of a CuTM4 adducts proceeds in two steps, 
the first step in solution, and the second, the formation of a solid adduct. These two 
steps will be described here, based on the results of the spectral analysis of reactions 
between Cu and TM4, and other results.  
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Figure 4.1 A proposed reaction scheme for the formation of a CuTM4 adduct. 
 
4.1.1. CuTM4 in solution 
 
When Cu(II) and TM come into contact in the solution, they react together.  
UV/Vis spectra of solution samples showed a decrease in absorbance of TM4 as the 
amount of Cu was increasing (Figure 3.1 and Figure 3.2). Simultaneously, an increase 
in absorbance at two other wavelengths was also observed; these new peaks were 
attributed to the newly formed CuTM4 species in solution (Figure 3.1 and Figure 3.5). 
  
The Cu:TM4 ratio in solution was determined by observing and analyzing 
increases and decreases in the absorbance of TM4 and CuTM4 species, respectively, up 
to the Cu:TM4 ratio, after which no significant change was observed with further 
increase of Cu. Analysis at several wavelengths provided ratios close to 1:1, with the 
average calculated as 1.1:1. The values were similar for different scenarios used in 
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fitting data at the same wavelengths, but varied slightly for different wavelengths (Table 
3.1). 
  
In solution, the type of medium (acetate-ammonia buffer vs. SRF) affected the 
quality of data. However, the found ratio of Cu:TM4 was not significantly different 
(Table 3.1 and Table 3.2) in these two media. The fact that data have poor quality in 
SRF is most likely due to the presence of carbonate and phosphate, both of which 
complete for Cu and form insoluble species.  
 
This is the first step of the complete reaction between Cu and TM, during which 
the interaction between the two reactants, and to some extent redox processes occur. 
This step represents most likely an addition reaction. The species formed in the solution 
are diamagnetic as no EPR signal was observed (section 3.8.4). Therefore, this suggests 
Mo(VI) and S
2-
 as both of these are diamagnetic. 
 
The complete absence of the EPR signal in solution suggests the presence of Cu 
either in the diamagnetic state Cu(I) state, or in a paramagnetic silent state: two Cu(II) 
interacting and therefore acting as paramagnetic species.  
 
4.1.2. CuTM4 solid 
 
When the concentration of Cu and TM is higher, precipitation of the adducts 
occurs in the solution. Increased amount of Cu (increased ratio of Cu:TM4) results in 
the formation of a slightly larger mass of precipitate (Table 3.7). This suggests that in 
the solid phase, the ratio of Cu:TM4 could be somewhat higher than in solution (1:1). 
The same result was obtained based on elemental analysis, where the ratio of Cu:Mo in 
the product increased with increasing Cu:TM4 reaction ratio (Table 3.13). The 
observation of the supernatant color during the preparation of the solid samples also 
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showed that a ratio of Cu:TM4 = 1.3:1 is needed to remove all the TM4 from the 
solution (section 3.5.4).  
 
However, this does not agree with the results of EXAFS analysis, where for 
three samples prepared at different ratios of Cu:TM4, similar species were obtained. In 
these, each Mo is surrounded by three Cu, but each Cu is surrounded by only one Mo 
(Table 3.25, Table 3.26, Table 3.27).  
 
Considering all the results mentioned above, the formed CuTM4 adduct is most 
likely a combination of units containing different ratios of Cu:TM4. This also explains 
the difficulty in choosing the best fit of the EXAFS data of the studied samples. 
 
The structure proposed to form between Cu and TM4 contains Mo surrounded 
by three sulfur atoms and an oxygen atom (TM3-like species), for all three studied 
ratios. This was concluded based on the results of the IR spectrum of a solid CuTM4 
sample (Figure 3.34 A). This showed the ratio of Mo-S:Mo-O groups to be 
approximately 3:1. The presence of oxygen was also confirmed by the results of the fit 
of EXAFS spectrum of these samples (Table 3.25 and Table 3.26 and Table 3.27). The 
results of elemental analysis on the CuTM4 samples showed an unusually high S:Mo 
ratio in the products formed (Table 3.13). As the only source of sulfur is TM4 reactant, 
the loss of sulfur from TM4 suggests hydrolysis, which explains the presence of oxygen 
in the product. For part of the TM4 reactant, the hydrolysis most likely proceeds further: 
to the formation to TM0, which is soluble in water. This would explain the high Cu:Mo 
and high S:Mo ratio in solid adducts.  
 
The H2S from the hydrolysis of the TM4 is very likely to react with Cu(II) 
species and produce CuS species. CuS is characterized by the insoluble black colloidal 
precipitate and mixed oxidation states of the atoms: Cu2
I
Cu
II
S2S (sulfide, S
2-
 and 
 260 
 
disulfide, S2
2-
)
3
. Both adducts: CuS and CuTM4 are of the same appearance and it is 
therefore not possible to distinguish between them based on visual observations. 
 
The final product proposed to be formed between Cu and TM4 is of a polymeric 
nature. This is based on the fact that the formed species are insoluble in any commonly 
known solvent even at low concentration. The fact that each Mo is surrounded by three 
Cu atoms despite the fact that the ratio of Cu:TM4 is 1:1 found by analysis of EXAFS 
spectra (Table 3.25 and Table 3.26 and Table 3.27) also supports this hypothesis. 
Another indication of the polymeric nature of the product is the fact that the double 
bond between Mo and S present in TM4 is not present in CuTM4. This was observed by 
the disappearance of the pre-edge feature (characteristic of Mo=S and Mo=O) in the 
near-edge spectra of TM4 and CuTM4 collected at Mo K-edge (Figure 3.40). The 
formation of single bonds, rather than double bonds suggests the formation of more 
bonds and therefore larger, polymeric molecules.  
 
The EPR analysis showed the presence of paramagnetic species in the powders. 
The intensity of the peaks at ~3475 G which were assigned to paramagnetic copper 
species, increases with the increasing amount of Cu added into the system (section 
3.8.2.2). Therefore after the first addition step, the second step of the reaction includes 
redox processes, which lead to the reduction of Mo(VI) to Mo(V), and therefore the 
observed EPR spectrum. It is likely that the oxidation of S
-II
 is also involved, as there 
has to be some oxidant species present in the system (see below). Due to the fairly 
strong noise level in the EPR spectra, it is suspected that the reduction of Mo(VI) to 
Mo(V) is incomplete and the two oxidation states coexist in the final adduct. 
 
XANES analysis showed that the Cu(I):Cu(II) ratio changes very little with an 
increase in Cu added (Table 3.21). Therefore, the absolute amounts of both Cu(II) and 
Cu(I)  must both be increasing. Cu(I) is not EPR active but Cu(II) is, and therefore an 
increase of the Cu(II) peak is observed in the EPR spectra (Figure 3.25). 
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The partial reduction of Cu(II) to Cu(I) is caused by the electron from S. 
Therefore S
-II
 is oxidized to S
-I
. In the meantime, the transfer of electron from S to Mo 
also occurs, resulting in the reduction of Mo(VI) to Mo(V). This gives rise to the 
observed EPR spectra of the CuTM adducts. The presence of Cu(II) was determined 
from the analysis of the near-edge spectra (Table 3.21) as well as EPR (section 3.8.2.1). 
The near-edge analysis also determined the coexistence of copper in two oxidation 
states: Cu(I) and Cu(II) (Table 1.21). The absolute amount of Cu(I) increases but the 
relative amount of Cu(I) in comparison with Cu(II) does not change significantly. 
  
The nature of the reaction media used in this project showed no significant 
influence on the ratio of Cu:TM4 in the formed adduct. The EXAFS analysis of the 
samples suggested the formation of the same species in acetate-ammonia buffer and 
SRF buffer. The investigation on the mass of adduct formed in different media showed 
some differences between the two media, but these can be attributed to the 
coprecipitation of Cu with other components of reaction media (Table 3.9). 
 
The ratio of Cu:TM4 in solid adduct proposed in this work is somewhat 
different than that proposed by Eccleston
120
. However, from the available published 
information, it is not clear what conditions were used in their work. Missing 
information includes the ratio of the reactants, reaction medium, time, temperature and 
other species present, all of which have been demonstrated in this and other similar 
projects to be of importance. Therefore, a meaningful comparison of the two studies, or 
an evaluation of the validity of their results, is not possible. 
 
4.2. CuTM3 
 
A proposed reaction scheme for the formation of a CuTM3 adduct is given in 
Figure 4.2. 
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Cu2+ + NH3 + Mo
S
O
S
S
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S
O
S
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S
O
O
S
Cu
NH3
*
 
Figure 4.2 A proposed reaction scheme for the formation of a CuTM3 adduct. 
 
4.2.1. CuTM3 in solution 
 
The nature of the solution media had some effect on the TM3 UV/Vis spectrum 
(Figure 3.8). The changes of the UV/Vis spectra of CuTM3 species as the Cu:TM3 ratio 
was increasing were therefore not as obvious and their analysis was more complicated 
than in the CuTM4 system. The newly formed peaks were observed at the same 
wavelengths as TM3 peaks. The limited available data however still provided some 
results. The investigation on the ratio of Cu:TM3 in solution suggested that the two 
reactants form a complex of 1.23:1 stoichiometry in acetate-ammonia buffer and 1.44:1 
in SRF. This difference is larger than for Cu:TM4 in solution in the two media. This is 
also slightly higher than has been previously suggested by other researchers
16
. It is 
possible that these results are caused only by the poor quality of available data and the 
real ratio of Cu:TM3 might be similar to Cu:TM4, 1:1. 
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4.2.2. CuTM3 solid 
 
For Cu and TM3 concentrations higher than used in UV/Vis experiments (5 x 
10
-5
 M), the precipitation of CuTM3 species can be observed to form quickly after the 
two reactants come in contact.  
 
The ratio of Cu:TM3 in solid was found from the elemental analysis to be same 
as in case of CuTM4 for the reaction ratio of reactants Cu:TM3 = 1:1. But when the two 
reactants were mixed at a higher ratio, the resulting Cu:TM3 ratio in the solid formed 
was much higher (Table 3.13). The fact that the resulting ratio is higher than the mixing 
ratio suggests that either the ratio of Cu:TM3 is variable in solids or that an excess of 
Cu coprecipitates with other components of medium. The latter is most likely, as the 
ratio of Cu:TM3 found from the EXAFS fit analysis was found to be 1:1 (Table 3.28 
and Table 3.29 and Table 3.30). The same ratio was also concluded for the CuTM4 
system (section 4.1.2). The mass of CuTM3 precipitate increases with increasing 
reaction ratio of Cu:TM3 for the few samples prepared at lowest ratio. But when 
Cu:TM3 increases to above 1:1, the increase in the mass of CuTM3 precipitate is not 
that obvious (Table 3.11). This is another indication, that the probable ratio of Cu:TM3 
in the product is close to 1:1. 
 
  The structure proposed to be formed as the final product contains two oxygen 
and two sulfur atoms surrounding central Mo atom. However, for the sample prepared 
at a reaction ratio of 1:1 the analysis of EXAFS spectrum showed that there is only one 
Mo-O and three Mo-S bonds (Table 3.28). For the other two samples, the EXAFS 
analysis revealed that Mo is surrounded two oxygen and two sulfur atoms (Table 3.29 
and Table 3.30) which was used in the proposed structure. The reason for this decision 
is supported by the results of IR spectra of CuTM3 samples, where for all the three 
samples, the peaks characteristic of Mo-O and Mo-S are of the similar intensity (Figure 
3.34B). Therefore structure proposed in the Figure 4.2 is most likely to be formed here. 
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For the EXAFS spectrum of the sample prepared at lowest Cu:TM3 ratio, the best fit 
was chosen to characterize the final product. However, it was shown, that in some 
cases, replacement of sulfur by an oxygen atom does not give a significantly worse 
result for the fit (section 3.10.2), and it is therefore difficult to decide which fit is 
structurally correct purely on the EXAFS spectra.  
 
Another indication of the hydrolysis of the TM3 during its reaction with Cu is 
also the results of elemental analysis performed on solid CuTM3 samples. The S:Mo 
ratio found in the final product is higher than the ratio in the TM3 reactant (Table 3.13). 
This means that some S is lost from TM3, and replaced by O in the adduct which 
contains TM2-like moieties. 
 
Similar to the CuTM4 samples, CuTM3 samples are also of polymeric nature. 
These are not soluble in any common solvent. The near-edge analysis of the Mo K edge 
in CuTM3 reveals the disappearance of the double bond originally present in the TM3 
reactant (Figure 3.41).  
 
The EPR spectra of the CuTM3 solid samples show features similar to those 
found in the spectra of CuTM4 samples (Figure 3.30). The diamagnetic species are 
therefore assumed to be similar to those proposed for CuTM4 samples (section 4.1.2). 
The presence of Cu(II) suspected to be responsible for part of the EPR spectrum of 
CuTM3 was also confirmed by the analysis of the near-edge spectra of all three CuTM3 
studied solid samples (Table 3.21), which showed the coexistence of Cu in two 
oxidation states. Due to the complicated EPR spectrum, it is suggested that other 
paramagnetic species are also present, probably Mo(V), similar to those in the CuTM4. 
Because both, Cu and Mo are being partially reduced during their interaction, S is 
assumed to be oxidized (from S
2-
 to S
-
), as was described above for the CuTM4 case.  
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4.3. Comparison of the Structure of Synthetic Sample and Real Sample 
 
The pH in the rumen environment can vary from 5.5 - 7.2 depending on the 
feeding habits of the animal. The pH used in this study was chosen to be 4.0. The main 
reason for this was to avoid precipitation of the Cu(OH)2. This is caused by relatively 
high concentration of Cu and buffer components in the study compared to the rumen. At 
higher pH values and lower concentration of the species present in the rumen the 
precipitation of Cu(OH)2 might not be significant as this process strongly depends on 
the concentration of Cu (section 3.5.2). 
 
The pH has a significant effect on the hydrolysis of the TM in the solution 
which is faster at lower pH (section 1.3.3). However, the reaction time for CuTM 
formation was chosen so be fairly short to minimize the hydrolysis as at higher pH 
value and lower concentration of TM it would proceed at a slower rate in the rumen. 
 
Relatively high concentrations of Cu and TM had to be used in the preparation 
of CuTM adducts compared to those found in the rumen. This is expected to have an 
effect on the rate of precipitation and on the amount of the adducts, but not on the 
structure of the formed species. As reported elsewhere (section 3.11.2) considerable 
variation in the ratio of reactants resulted in no significant difference in the structure 
found in the EXAFS study. 
 
4.4. Future work 
 
To confirm the structures proposed to be formed between Cu and TMs, as shown in 
Figure 4.1 and Figure 4.2, additional studies are needed. These are described below. 
 
No evidence has been obtained to prove the existence of disulfide bond in 
CuTM solid adducts. The IR spectra of CuTM samples didn’t show absorption for this 
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bond either. However, this doesn’t mean that the bond is absent, since IR generally 
detects only asymmetric vibrations, not symmetric ones. An S-S bond might be very 
nearly symmetrical. Possibly this transition could be seen using Raman spectroscopy, 
which can often detect symmetric vibrations.  
 
Near-edge spectra of the sulfur edge would provide more information on the 
sulfur atom neighbors. This would also indicate if in fact the disulfide bond is present. 
If several different sulfur atoms (in terms of environment) exist, this could also be 
determined from near-edge spectra using their analysis. 
 
The structures to be formed between Cu and TM in solution were proposed 
based on the results that only provided ratio of Cu:TM. The validity of the proposed 
structure should be studied by measuring and analyzing the EXAFS spectra collected on 
all 3 edges (Mo K, Cu K and S K-edge). This would provide more information not only 
on the structure (intermediate), but also on the oxidation processes occurring at this 
stage. This would require the preparation of the samples in a short time frame (seconds), 
at a low concentration (10
-5
M or lower), and fast freezing of samples in liquid He to 
prevent further reaction.  
 
The reaction media used to prepare samples in this work were carefully chosen 
to mimic the biological environment. However, it would of great interest to compare 
results presented in this thesis with real biological sample of CuTMs prepared in real 
rumen fluid. This would prove that the structures proposed in this work are relevant to 
Cu deficiency in cattle.  
 
In the solution study using UV/Vis spectroscopy, it was assumed that only one 
type of product is formed. The more thorough analysis, using PCA could determine the 
exact number of species present in the solution.  
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It was mentioned previously (section 3.8.2.1) that the reduction of Mo(VI) to 
Mo(V) is only partial. The paramagnetic species are therefore only minority species of 
the whole prepared adduct. The integration of the EPR spectra would provide the more 
accurate amount of the paramagnetic species and therefore indicate if the signal 
represent the bulk of sample or only trace. 
 
Although some more measurements are needed to prove the structures proposed 
based on the measurements described in this work, this project has given us 
considerable insight into the structure of CuTM adducts related to Cu deficiency in 
cattle. For the first time, not only the CuTM4 but also the CuTM3 interaction was 
studied from the structural point of view, which should be of considerable help in 
understanding Cu speciation in the bovine rumen environment. 
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